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INTERACTION OF GASES IN THE SURFACE OF
I i - 'NICKEL OXIDE
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1 Prague, Czechoslovakia :
2+ .~ - Abstract: An lnvestigation has been made of the processes occurring on the sur-
I face of nickel oxide in the presence of carbon monoxide carbon dioxide and oxy-
L ~ gen under various conditions, Apart from adsorption-desorption and electric

conductivity measurements, exchange reactions of radio-carbon have been em-
I o ployed for the analysis of the adsorbate, Radio-carbon is exchanged between the

| . . adsorbate and gases according to the character of the adsorbate: CO ads) €X-
! o o * changes group CO and Coz(ads) or carbonate exchanges group COs. (I‘he results

Tk ~ show that carbon monoxide forms oxidized surface species with lattice oxygen

~ of the nickel oxide at 20°C, this reaction being enhanced by increasing tempera-

‘ : ture and pressure, When oxygen is preadsorbed, oxidized species are preferably
v e .created by reaction with adsorbed oxygen with simultaneous disappearance of
R ' CO(ads). Also carbon dioxide reacts with adsorbed oxygen with charge transfer,
S . presumably due to the reaction

Bl el e el - Cop+ Ofads) + N12 ~ cod+ Ni¥* .

- e . et r

1 INTRODUCTION — S T I A N U
T T Interactlons of gases CO, COg and O3 on the surface of mckel ox1de
%" "~ - " Have hitherto been investigated by several methods, including chemical
B S analyses of gases 1), adsorption 2-5,9,13), calorimetric 6,7), infrared
s ... . spectra 8), electric c0nduct1v1ty 2,9, 10) thermoelectric power 11) and
-7 optical spectra-12) measurements. Asa result of these investigations, it
= . has been well established that oxygen is adsorbed in anionic form (06-), the
;fﬁ. - negatwe charge of the adsorbate being compensated by mobile positive
. g o charge inside nickel oxide (N13+) Thus oxidized nickel oxide can be fully
. ‘reduced to its original electronic state (Ni2+) by carbon monoxide adsorp-
R tion at room temperature 9). Increased adsorption heats of carbon rmonoxide
22" on surface precovered by oxygen and of.oxygen on surfaces precovered by
< CO and CO9, as compared with bare surfaces, have indicated reactions of
B adsorbing gases with the adsorbate 6 »7). .Effect of self-poisoning by COy of
. - NiO‘for.carbon monoxide oxidation, flrst observed by Roginski and Tselins-
“ o7 kaya . 1) _has later been confirmed. by other authors 6,14) and explained to
5 T be due’ to the occupation by CO2 of sites ava1lab1e for CO and Og adsorption.
»-L:=~ = :. However, there has been consxderable disagreement among different
' ‘ workers concerning the adsorbed amounts of CO and O3, formulas of ad-
—sorbed complexes, and the possibility of reactions with lattice oxygen at -
i.room temperature 7,15). Also the behaviour of CO2 in this system has not

been fully elueldated Some authors observed localization of electrons in
: s
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the adsorbate and release of mobile holes into nickel oxide during COg ad-

sorption 2,11), others observed no such effect 9,13). These results sug-

gested that a study of the influence due to the various factors (temperature,

pressure, purity of the surface) on the behaviour of this system as well as

the application of new methods to analysis of adsorbed complexes would be
* A - of value. ’ ‘

In this work, interactions of gases with and in the surface of nickel
oxide have been investigated by means of adsorption-desorption measure-
ments, analyses of gaseous phase, electric conductivity measurements,
and exchange reactions of radio-carbon between adsorbate and different-

gases, and have been exploited for the analysis of the adsorbate. The pre-
sent results provide information about the composition of and the reactions
in the adsorbed layer under various conditions.

2. EXPERIMENTAL PART

. 2.1. Apparatus ' :
3 Apparatus of the type described earlier 16) was used, allowing meas-
. - urements to be made of amounts adsorbed and desorbed simultaneously
e . with electric ‘conductivity, measured in situ by a high frequency method16,17)

at 1 Mc/s. Volume of apparatus was 1576 m} for experiments at pressures
lower than 10-1 mm Hg and 1142 ml for experiments at pressures of about

- 2 mm Hg. Pressure was measured by Pirani gauges 16,17) up to 10-1 mm
Hg and by a MacLeod gauge up to 2.5 mm Hg. Two freezing traps in the -

. measuring part of apparatus were maintained at -78°C except when analyses
were made for CO and COq by freezing out carbon dioxide at -1909C. In the
Jatter case, due corrections were made for changes of volume. Installed in

" 'the wall of the reaction vessel space was also a thinmicawindow (1 mg/cm?2)

‘ of diameter 30 mm sealed by Araldite to a glass opening in the wall. The

X "~ -joint was vacuum tight and the apparatus was evacuable to 10-7 mm Hg. The
o radicactivity was measured by an alpha G-M counter, set close to the mica

PR - window outside the reaction space. The solid sample was located inside the

- . . reactor in such a position that the radiation of 14C from adsorbate was
completely absorbed by the glass and could not reach the counter window.
Only radioactivity of the gas was thus measured. Due corrections were
made for background radiation and dead time of the counter. Radioactivity

" of the labelled gases was proportional to their pressure. Conveniently,
specific activity of a gas is-defined as the number of counts per minute

, ~ (cpm) per one molecule of this gas in the apparatus. Two specific activities

I were used in the present work: 8.2 x 10-15-cpm molecule -1 (14CO, experi-

' ~ ments 1-7, and 14002,' experiment 10 in table 1 below) for low pressure

e, - experiments, and 2.29 x 10-15 cpm molecule-! for high pressure experi-

" - ments (1_4,C0, experiments 8 and 9 in table 1). ’ : '

‘l
£

22 Materials o . S R
* - Commercial 14CO (0.61 mC/ml) was used and purified in situ by vacuum
" distillation from active charcoal. 14CO was prepared in situ by oxidation of
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l4co by oxygen on a heated platinum filament and subsequent freezing with -
_ evacuation. Preparation of inactive gases CO, CO3 and Og is described else-
1 where 4). The carbon oxide contained less than 5 x 10-3 % of Os.
_ Nickel oxide of high purity and surface area 99 m2/g was prepared ac-
cording to ref. 3 and 17 by vacuum decomposition of nickel hydroxide at
200°C for 15 hours (final pressure 10-8 mm Hg). The nickel oxide contained
some amount of non-decomposed hydroxide 3,18). The following experiment
allowed us to assess the maximum possible contamination of the surface.
. Adsorption of 9.2 x 1017 molecules of oxygen on 0.26 g sample caused elec~ -
' tric conductivity to increase from 0.33 x 10-6 ohm-1 to 0.46 x 10-6 ohm-1,
which effect was completely reversed by subsequent adsorption of CO. On .
the other hand, when carbon monoxide was adsorbed on a clean nickel oxide,
" no change of conductivity occured, similarly as in 9). From estimated error
of our conductivity measurements, 0.02 x 10-6 ohm-1, one is able to see
that no more than 1.7 x 1017 molecules of oxygen could have been adsorbed

on tlée initial clean nickel oxide, which is less than 0.1% of surface cover-
age : ‘

2.3. Procedure

First, carbon monoxide labelled by 14¢ was allowed to be adsorbed for
200 minutes (adsorbed amount a), then the gaseous phase with desorbable
part of the adsorbate was removed by pumping for 30 min, the amount
' desorbed being measured and analyzed for CO (amount d) and COg in a
'- separate volume behind the gas collection pump. The adsorbate remaining
on the surface was then subjected to exchange reactions at the same tem-
perature as adsorption. First, inactive CO was admitted, its adsorbed
j amount (b), amount of CO in gas (g) and COg in gas (g) measured and 14C
' , activity (y) in gaseous carbon monoxide followed with time. After the con-
i centration of radioisotope in the gaseous carbon monoxide (y/g) had reached
. an equilibrium value, the gaseous mixture was pumped out and analyzed.
. Subsequently, non-radiocactive COg was admitted to the sample, amounts of
P " COq adsorbed (c), COy in gas (k) and CO in gas (p) were measured and 14C
! . activity determined both in gaseous carbon dioxide (activity z) and in gaseous
carbon monoxide until the concentration of isotope {z /h) reached an equilib-
rium value. For some experiments, the sequence of admissions of CO and"
- COq was reversed.
. _ Each experiment (1-10 in table 1) was carried out with a newly prepared
- - sample (0.26 g) of reproducible properties.

3. RESULTS -

3.1. Carbon monoxide on nickel oxide
3.1.1. Kinetics and extent of adsorption
Fig. 1 shows the courses of adsorption at various temperatures,
- . pressures and degrees of preadsorption by oxygen. In this ga{)h is not
; ' included CO adsorption on nickel oxide precovered by 118 x 10 T molecules
~ of oxygen, because both the extent and the rate of adsorption were very high.
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) ' L s Experlmental data for ‘adsorption and exchange reactions ) _
- v - ™ - — -
N 3 4| s |6 |1 8 o 10| 11 | 12 | 13| 14
Temper- | Sequence Note ' | ¢-| 4 | 8w oo | p %‘”' b c. ‘m n
ature . . e ' . £ oo ) .
200 | CO-COz ©, | e, -(g-g) 14.2] 2.05 | 3.7 0.085| 4.7} 448.3 - 63| 47
'209C | COg-CO-| . - {173 (g'g) 178|155 | 44o0001]25|4456)22P| 43| 4.7
| 5oc“ co-cop | ||y | ro| ez | sajenn jaTionm 6.5| 5.4
1oo°c‘ cogcO |. - - 198 (g'.;) 17.9|1.00 | 50026 | L5| 2720 18P| 25| 89
150°C‘ cocop | - | 308 (3;)5 204 | 1.90 | 2.6(0.87 | 2.9).142.0 41| 17,5
preadsorbed 1.7 1
20°C | CO-COp.|9.35 x1017 | 25| g'g | 13.4 | 148 29020 ) 49 101.1 40| 9.9
‘ molecules Og| . . : ' :
preadsorbed 06 : . .
20°% | CO-COp |18 x1017 | 8L9 | o7y | 41] 0831 3. 1.31- | 2.9| 3747 | 0.7y 70.0
o molecules Og| 1Y ' : :
: . ' initial . 25.0 ) ]
200¢ | CO-COp |pressure  |152.8 |\y'y |860 | 0.186]116.T | 0.074 5.4| 514.5] 3.07| 50,2 21.0
! 2,25 mm Hg s
o . initial - . : .
“ 209C | €Oy-CO |pressure |154.0 ::i; . + |155.7]0.074] *+ | 582.0 e | 247
A T ’ 2,26 mm Hg . . : e
Ldows | 1 200C | COp ‘{Eg‘g;ed 127.4 s 2.4 | 2.18 290.0 o |1060f :
AR ) S ' , , | STAT
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LEGEND TO TABLE 1

.a, amount adsorbed in 200 min; expts, 1- 9 adsorption of 14CO

expt. 10 -: adsorption of 1 C02
d, amount desorbed in 30 min by pumping after the 200 min adsorption; upper values:
14cQ desorbed; lower values in brackets: CO in desorbate
: " goo» amount of CO in gas at the end of exchange with carbon monoxide
" hoa, amount of COg in gas at the end of exchange with carbon dioxide

%‘”, specific activity of CO in equilibrium with the adsorbate, cpm molecule~! x 1015
, &oo : .

e m—— s

] - %‘”, specific activity of COs in equilibrium with the adsorbate, cpm molecule-1 x 1015

b?o amount of CO adsorbed during exchange with carbon monoxide - !
; ¢, amount of CO; adsorbed during exchange with carbon dioxide

p. amount of COg displaced from the adsorbate during exchange with CO
“ m, amount of adsorbate exchangeable with CO, computed from (2)
; o n, amount of adsorbate exchangeable with COg, computed from (3)

; * The quantities a,d,g,h,b,c,p,q,m and n are in molecules x 10-17
, The amounts p and g were pumped out of the system
P . * Exchange with CO was not carried out in this experiment

i ** Initial pressure 5.6 x 10-2 mm Hg

\ - 'Experiments 1-5 and 8-10 carried out on bare NiO.

. . . = - T . T R i
.8, . . ® 0 0 :

Fig. -1 Adsorption of carbon monoxide IR
~ .~ &, adsorbed amount in molecules x 10'17 per 0.26 g sa.mple
_3,;,_-,--t time in min, |
ST Initial pressure 5.6 X 102 mm Hg (1-4 clean nickel ox.tde) , T
~‘curve 1: 20°, curve 2: 559, curve 3: 100%, curve 4: 1500, ’
“curve 5: 202 9,35 x-1017 molecules Oy preadsorbed.
' i T curve 6:°20 C initial pressure 2,25 mm Hg, clean mckel
: ) e T oxide 0 ® two lndependently prepared samples,-

Ve
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Data for this experiment are presented in table 1 together with other data
concerning exchange reactions.

" Kinetics of adsorption obeyed the well known equation (fig. 2)

o %0

FEREE SR &

0w 200
3

b
=3

T

s

Fig. 2. Plots of data from fig, 1 according to equation (1)
t+ to in min, logarithmic scale.
Lower figure: O correspoad to curve 1
a,t02, vV, t03; 0, to4;®, to5.

B

YT
[ )

£ © 20

in fig. 1;

-

-~ -

)

; -

.a

2.3 . -
75

[log(t + o) - 10g fo]

-

(a, adsorbed amount in molecules, f, time, b and £, constants), the values
of 2.3/band f, being summarized in table 2 in the discussion. Reproducibility
of results was very good as demonstrated in fig. 1 by a comparison of ad-
sorptions on different samples, including those taken from our earlier
work 4), open circles for 20°C adsorption and triangles for 55°C adsorption.
Since all the adsorptions studied with 14CO and those in earlier work with
" - non-radioactive CO gave the same results, one can exclude isotopic effect
on the extent of adsorption. At 150°C, measuring devices indicated the
presence of hydrogen during CO adsorption. This is most likely a product
. of the reaction of CO with non-decomposed nickel hydroxide contained in
the sample under the catalytic action of nickel which is being produced by
the reaction of carbon monoxide with the lattice oxygen of NiO. The partial
. pressure of CO in the gaseous mixture during adsorption was determined at
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Table 2
Constant of equation (1) and amount of oxidized CO (I + - n)
Temper-| Conditions of experiment [ 2,3 t, |i+n
ature : b i
oC
- - .20 * 8.25} 4 8.0
‘ 55 B * 8831 5 8.1
100 : * 134 |10 (15,0
150 ¥ 18.6 5 24,2
20 9.35 1017 molecules Oy | 9.21 | 3.5|15.8
preadsorbed
‘ low pressure adsorption :
| ’ . 20 clean NiQ, initial pres- 100 20 77.6
. ’ ' sure of CO adsorption
: 2.25 mm Hg -

len and%—"i in molecules X 10717 per 0.26 g of adsorbent,
, t in minutes :

* Unless otherwise stated, adsorptlons were carried out from
- the initial pressure 5.6 x 1072 mm Hg on a clean nickel oxide.

this temperature from the radioactivity due to a non-condensable gas, which

‘ is associated only with carbOn monoxide. No hydrogen was evolved during
[ . exchange experiments. .

[3

. 3.1.2. Exchange reactions
: Exchange reactions were carried out after the adsorptmn of 14CO lasting
» 200 min. The results are presented in fig. 3 {exchange of 14C petween ad-
i sorbate and gaseous carbon monoxide) and in fig. 4 (exchange between ad-
‘ . sorbate and-carbon dioxide). The final values of the concentration of 14C in
‘ : (g) and in COg(g) were equilibrium ones and did not change for another
. ten Eours they are presented in table 1 (col. 7 and 9) with other data for
r adsorption and results of analyses of the gaseous phase. All experiments,
: except those showing the effect of pressure (table 1, experiments 8 and 9),
were carried out at low pressures (initial pressure of H4co adsorption
b, 5.6 x 10~2 mm Hg, pressure during exchange reactions 10- -2 - 10-3 mm Hg).
Effect of temperature was studied in experiments 1-5 for the range 20-150°C.
Effect of oxygen preadsorption on CO adsorption and exchange reactions at
. 209C was investigated in experiments 6 and 7. Oxygen was always pread- -
! sorbed at 150°C because at this temperature all oxygen adsorbs irreversibly
" in ionic form 17), In'some experiments, the exchanging gas displaced a
~ certain amount of the other gas from the adsorbate into the gaseous phase;
this amount was measured and is given in column 12 of table 1.
.Experiments with reversed sequence of the two exchanging gases
- provide information-about mechanism of both exchange reactions (see
Discussion). The sequences are indicated in column 2 of table 1 as CO-COy
and CO5-CO according to order of admissions of exchanging gases.
A note has to be added on the maximum on high pressure exchange (®)
in fig. 3 Theory 19) predlcts very low maxima on all curves f_or exchange

~—

e ——— e
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'_ . . " Fig. 3. Exchange reactions of 14C between adsorba{te and carbon monoxide
I fi-_»;:.',:f-f,,.z, conc_eniration of 14C in co(g), cpm molecule'l_ X 1_015,

, time (min). For ® scale reduced 10 X,
- . 7 Pressure below 10-1 mm Hg, clean nickel oxide; O 20°C

-

s, A .- (éxperiment 1) & 55°C (experiment 3), v 100°C (experiment 4),
. swo. S0 @1509C (experiment 5), :
T ©': .. pressure below 10-1 mm Hg, oxygen precovered nickel oxide:
o s wo .y e'200C, 9,35 x 1017 molecules Oy preadsorbed (experiment 6) .

< 'a.200C, 118 %1017 molecules O preadsorbed (experiment 7)
“® 20°C, pressure about 2 mm, clean nickel oxide (experiment 8).

i woe . with i:ar'bbn monoxide, which would not be detectable by the experimental
B T techniques employed at present. The high maximum on the curve mentioned
o - is a diffusion effect: at 2 mm-Hg, diffusion coefficient of gas becomes much
L IOWer than that at 5 x 10-2 mm; the radicactive gas is rapidly exchanged
- from the surface into the gaseous phase where its high concentration reaches
% "_ - - - - first the counter window and then slowly diffuses into the other parts of
Y.~ . . apparatus. Co o i

* -

-+ 83.2,-Carbon dioxide on nickel oxide :
_ Carbon dioxide adsorbs to a much higher extent than carbon monoxide.
, - .- Kinetics of adsorption were not measured because most of the adsorption is
TP o= avery rapid process. At low pressures the adsorption amounted to 4.17 x
7. 07 7 1019 molecules (@mounts a plus ¢ in experiment 10 in table 1) with final
. e 7., ... pressure 4.3 X 10-3 mm Hg. The quantity ¢ {col. 11, table 1) shows the in-
'¢7. 7 - -7, fldence of various factors on CO9 adsorption. There is a little effect when
et oz carbon monoxide s preadsorbed at 20°C (row 1), a slight decrease with
LA #-:." préadsorption of oxygen (rows 6 and 7), decrease with increasing tempera-
*: vy LT T tare (rows 1-5)-and a slight enhancement of adsorption with increased pres-
bt 97 gure (rows 8, 9). . . C . .
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Fig. 4. Exchange reactions of 14C between adsorbate and carbon dioxide

, , %, concentration of 14C in COy(5), cpm molecule-! x 1017

¢, time (hours), ‘For & scale reduced 10 times,
The same symbols as in fig. 3 used for varions experiments.

An experiment on exchange of adsorbed 14002 with inactive carbon
dioxide was also carried out and the results are given in table 1, row 10.
The half time of this exchange reaction was about one hour.

Measurements of electric conductivity revealed that on clean nickel
oxide, COg adsorbs without changing electric conductivity of NiO, whereas
adsorption of COg on NiO with preadsorbed oxygen leads to an increase of
conductivity linearly dependent on the amount of adsorbed CO3 (fig. 5).

- o ~
. .- . -

Fig. 5. Changes of electric conductivity with adsorption of CO

o, conductivity, ohm-1 x 108; a, molecules x 10-18 012002 adsorbed
o, clean nickel oxide '

@, nickel oxide with 103.6 x 1017 preadsorbed oxygen molecules, -
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_ 4. DISCUSSION

4.1. Interpretation of exchanged amounts ' -

It is_evident from figs. 3 and 4 and from table 1 that under comparative
et . conditions the equilibrium amounts of 14C exchanged with CO decrease with
. - - increasing temperature of 14CO adsorption and with increased amount of
o preadsorbed oxygen, while reversed effect is observed in exchange with
RN CO9. This is a clear indication that a part of adsorbing 14CO becomes
. . - oxidized to carbon dioxide or carbonate which is then able to exchange

-7 .- .group COg with gaseous carbon dioxide; this part is the greater the higher
oL - is the temperature of 14CO adsorption and the more oxygen is preadsorbed.

+ ...+ . .+ Further evidence is obtained from experiments with reversed sequences
of exchanging gases which reveal mechanism of the two exchange reactions.
If one part (M) of adsorbate exchanges only with CO-and not with COg and
another part (N), only with COg and not with CO (mechanism I), the amounts
exchanged under comparative conditions with the two gases will not depend
on the sequence of the exchanging gases. If, on the other hand, the same
molecules of adsorbate were able to exchange 14C with both CO and COp
(mechanism II}, one would always expect high radioactivity appearing in
the gas admitted first and low activity in the gas admitted next and, there-
-fore, great differences in the amounts exchanged with CO in the two ex~
. periments in which CO is admitted before and after exchange with COg; the
wtete = game would apply for exchange with COs.

P Results of experiments 1 and 2, and 8 and 9 in table 1 indicate that

" .. mechanism Itakes place, since the final isotope concentrations are dependent
L . _ to averysmall extent on the sequence of exchanging gases. Quantitative
“. T+ .7 amalysis of the data fully confirms these conclusions and allows us to deter-

- %..-7,."" ‘mine the number of carbon atoms in both parts M and N. At equilibrium, a

“* . .> " uniform distribution of radio-carbon among the mutually exchangeable
- .. species must be attained. Part of exchanging gas, which was originally not
© W0 " 7 'radicactive, adsorbs and this adsorbate (amount 4 in exchange with CO and

"7+ -c in exchange -with COg, table 1) also participates in exchange *.
~ . 28 o Let mand n be numbers of carbon atoms in parts Mand N, and X the
.77+ - coricentration of radio-carbon in adsorbing 14CO. Then, according to mech-
R ‘anism I, amount mX of 14C labelled molecules of adsorbate M become
ST e -, uniformly distributed, at the end of exchange with CO, among the gaseous
e e T - CO((vea/8x) &), the original adsorbate M((ym/gx)m) and the newly adsorbed :
PR CO(ng)b) : =

I

. . i
. .

f;‘:_..: (gw+b+m) mX L — (2)excha.ngeowa1thCO

- ”5 K Similarly, amount nX of 14C labelled molecules of adsorbate N becomes
IR 2, uniformly distnbuted at the end of exchange w;th CO9 among the gaseous

-

. * In exchange wlth 002, a small fractlon of ¢ molecules of COo adsorbate does not

P '_ " “exchange as’ts seen {rom experiment 10 in table 1, We shall assume for the pur-

- f,_ ey '- - pose of discussion that all molecules ¢ are exchangeable, being aware of a slight
R ’,:_ :‘_:;f:fi-: inaccuracy lntroduced by the assumptlon
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COz((z.,Q/h;J he), the original adsorbate N ((zo/hd %) and newly adsorbed
COy ((2e/heqd ©):

. % (At c+ M) =nX (3) exchange of N with COg

.+ .. . Formulae (2) and (3) are identical with those obtained from kinetic treat- i
: ment of mechanism 119
- For mechanism II, the conditions for uniform distribution of radio-

L carbon are different and depend on the sequence of exchanging CO and COs. !
. When the sequence CO-CO2 is employed, one obtains

;—"-"(Eoo*' b+m+n)=(m+n) X _ (4) exchange with CO
i %.eoloo"' C+m+ﬂ)=(m+ﬂ)& ‘ (5) exchange with COy -
- °°_ o ) _ _
- "while with the reversed sequence CO2-CO holds ) ‘ ’
) : - ’
g*“’-(’_luﬂ c+m+ n) =(m+n X "(6) exchange with COg
':g (g + b+m+n)-(m+n)h : '“(T)exchangewithCO
"o @ )

Values of 7 and n can be computed for mechamsm I when inserting meas-
.ured quantities in (2) and {(3), and values mn for mechanism I from (4) -
_ __. . (7). These values must be self-consisent for the two reversed experiments,
- - if the respective mechanism operates.
. . The following excellent agreement is obtained between amazmts m and

- n in the two reversed experiments, calculated by means of (2) and (3),
which confirms that mechanism I is operating:

m(expt. 1) = 6.3 x 1017 molec. ; m'(expt. 2) = 6.5 x 1017 molec.

n {expt. 1) = 4.7 x 1017 molec. ; n (expt. 2) = 4.5 x 1017 molec.

' . n'(expt. 8) =24 x 1017 molec.; n (expt. 9) = 24.7 x 1017 molec.

N ‘The value m' {n') is a sum of amount m (z), determined from exchange reac-
tions (col. 14 table 1), and number of molecules of labelled adsorbate which
were displaced from the surface in preceding exchange (col. 12 table 1) and -
removed from the system, so that they could not participate in subsequent

' exchange.
Calculations accordmg to (4) (7) lead to many orders, d1screpanc1es
and even negative values of m + n for different sequences of exchanging

- pases. Slight interference of mechanism II with mechanism I would lead to

gross discrepancies and therefore our results show that mechanism ] alone
is operating.

. Apart from the two adsorbates M and N, there is a part (L) which is
not capable of exchange with either CO or COg The number of carbon
atoms in part Lisl =a -d - m - n. The following diagramme shows the

magnitudes of /, m, n and d for various condltions employed in the present
research.

M . - L . - . .
LTy . M- I - L T e ., '\J
- [ ) 7L . Lo e v B L .
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-20'_ pressure  2mm (scele reduced #0z)

one per cent surface coverage-

B—-

T T
0 0

B
B-‘ ——

D:agramme 1: : part M ’ ..
part D - o
- WA part N | ’
part L

a, ‘molecules x10-17 '
Number of expenment from up down: 8,1,3,4,5,6, 7.

’ * » r ? r

-

_ The nature of parts D (desorbable CO amount d) and M is weakly
- chemisorbed CO which is in dynamic equilibrium with the gaseous carbon
4 monoxide as the rapid courses of exchange reactions indeed show. Part N
"is'adsorbed CO3 or carbonate which exchanges whole group COg with
. gaseous carbon dioxide and does not dissociate under the formation of CO
.o (no exchange with CO). lis character is the same as that of the product of
, - --COg adsorption, since the half time of its exchange with COy is close to
) the half time of 14C02(ads) - COy(g) exchange, 1 hour. The presence of
. carbonate formed with lattice oxygen at some stage of COg adsorption has
‘been proved by exchange of 180 between Nil80 and COg at 20°C on the
present preparation of NiO 20), Therefore, once adsorbed carbon dioxide
- is formed, it will form carbonates with lattice oxygen and vice versa. The
non-exchangeable part L is a very strongly bonded or sterically hindered
adsorbate. Since its extent increases simultaneously with that of part N,
it also is very likely a carbonate or adsorbed COg. Further evidence for
this is obtained from the exchange of 14C0y(z4s) With COg, which shows
: " that a certain part of the adsorbed carbon dioxide does not exchange with
S ... COg9. Mode L is also a product of interaction of adsorbed oxygen with CO
. and it may well be true that this very strongly bonded adsorption mode
A - actually poisons nickel oxide catalysts for the low temperature oxldatxon of
. " carbon monoxide.

Since the starting nickel oxide in experiments 1-5 and 8-9 was free
from adsorbed oxygen, the CO2(ads) or carbonate must be formed in these
experiments by the reaction of adsorbing CO with lattice oxygen of the
nickel oxide. This is a reduction process which produce lower valency
states of nickel cations, either Ni® or Ni¥, e.g.,
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‘ S 2- 24 ‘ ° .0 |

| CoO + olattice + Ni ’ CoZ(ads) +Ni~ + 0 (8)
. 2- — 02"

CO2(ads) * Oattice — CO3 +0 9

K Electrons in these states are localized in d-shells of nickel and therefore

' no change of electric conductivity occurs, as observed in 9) and also in the
experiment quoted in the experimental part of this work. However, change
of electronic structure of cation at temperatures as low as 20°C isiindicated
by the change of visible spectrum of the clean nickel oxide during the ad-
sorption of carbon monoxide 10). The presence of lower valency states of
_ nickel will certainly contribute to the adsorptive properties of nickel oxide.
i ~ Particularly, considerable amount of adsorbate exchangeable with CO may
. : be bonded to these lower valency states, e.g., Ni-CO, carbonyl on atomic
: scale. Increased amount of weakly bonded carbon monoxide at 150°C as

compared with that at lower temperatures may well be due to this kind of
adsorption. .

hah §

'4.2. Reactions with adsorbed oxvgen ions L
Oxygen is adsorbed at 150°C in the surface of NiO as atomic anions 17),
Total increase of CO adsorption on nickel oxide with preadsorbed (150°C)
oxygen as compared with clean nickel oxide (fig. 1) is due to a large in-
crease in the amounts of modes N and L, accompanied by a marked decrease
in the amounts of modes M and D. When a sufficient amount of CO is allowed
" _to react with adsorbed oxygen, electric conductivity of nickel oxide drops

) ~° tothe value observed on oxygen-free samples 9) and the colour of clean
‘nickel oxide is restored. The reaction

CO +.0f, 4g) + Ni3* = COyaqq) + NiZ* (10)

~

" ~explains both electric conductivity and 14¢ exchange observations.
' I is interesting that reaction of COg with adsorbed oxygen ions takes
 place with charge transfer also. Namely, the increase of conductivity during
. COg9 adsorption on oxygenated samples can be interpreted as
o COg + Ofgqg) * Ni%* — c0o2" + Ni%* ' (12)
wittre Ni3+ ions are produced to increase conductivity, while the reaction
_ of COy with lattice oxygen (9) does not lead to any change of conductivity of
o .. the clean nickel oxide. ) o
| Only a small part of the oxygen adsorbate participates in reaction (12),
as the effect on conductivity is very small compared with the effect induced
by a comparable amount of adsorbed oxygen.
. ' ) f
’ 4.3. Relation between adsorption kinelics and mode of adsorption _

k For experiments on clean nickel oxide, correlation exists between the
values of the constant b (eq. (1)) and the amounts of CO oxidized by lattice
oxygen, !+ n, as shown in table 2. This means that adsorption decelerates

- more slowly when reaction with lattice oxygen is enhanced, which happens
- " either on increasing the temperature or the pressure. This also explains
' " . the crossing of kinetic curves for various temperatures in fig. 1. .Xf the

<4r

3 . . - o -
~ - - - N
-
-
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constant b contributes to activation energy of adsorption according to
dg Ey + bRTq
FTi A exp [— RT } . (13)

. (g, adsorbed amount in time ¢, Egand A, constants), then the above men-
tioned correlation means that increased extent of reaction with lattice oxygen
makes the whole process less dependent on adsorbed amount of CO, in

other words, the reaction with lattice oxygen is more uniform with respect
to activation energy than the production of CO(;4s). A similar but smaller
effect is observed with CO adsorption on oxygen precovered NiO.

4. 4 Comparison with other work
The gresent results show that carbon monoxide adsorption at 20°C and
5.6 x 10-2 mm Hg on a clean NiO is very low (~0.6% surface coverage in
| 200 min adsorption) and yet, part of this process is the result of reaction
which has already taken place with lattice oxygen. The effect of increasing
pressure is to increase both the extent of reaction with lattice oxygen and
the amount of weakly adsorbed CO. The latter finding confirms considera-
tions 15) which explain the differences in the amounts of CO adsorbed found
in various works, in terms of low adsorption heat of CO and reactions with
lattice oxygen. There is, however, another factor strongly influencing the
.. . . COadsorption at low pressures, namely, adsorbed oxygen present on the
: ' surface of NiO. This explains why other authors 2,5) found, at comparable
pressures, amounts adsorbed higher than that in the present work. At
_ higher pressures (about 40 mm), the effect of oxygen preadsorption on CO
) . adsorption is small 3) because reaction with lattice oxygen at these pres-
S " sures becomes very extensive and numbers of adsorption sites on the sur-
* - -faces with and without adsorbed oxygen are not substantially different.
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ON THE MAGNETIC PROPERTIES AND CATALYTIC
ACTIVITY OF NICKEL OXIDE

D. MEHANDJIEV and G. BLIZNAKOV

. ‘Institute of General and Inorganic Chemistry,
' ) Bulgarian Academy of Sciences, Sofia, Bulgaria
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Abstract: An attempt is made to present additional information on the reaction
CO + 309 ~ COg with NiO as catalyst and to explain the contradictory results ob-
tained by a number of authors, concerning the activation energy and the influence
. of various additives. Tc this end, the catalytic activily of pure nickel oxide was
- studied simultaneously with its magnetic properties and the content of oxygen in
- o excess of the stoichiometric amount. Tt was shown that when the excess of oxygen
I is increased, the specimens of nickel oxide pass from antiferromagretic into pa-
‘ramagnetic state with traces of ferromagnetism. This leads to a sharp change

of the activation energy of reaction. While for the antiferromagnetic specimens
the activation energy is of the order 4-9 kecal/mole, for the paramagnetic ones

it is about 13-17 kcal/mole. The rate constant changes in an analogous manner.
The magpetic moment calculated for the paramagnetic specimens shows that

Ni*° is formed at the expence of oxygen in excess of the stoichiometric amount,
the crystal lattice being preserved, as is evident from the X-ray anpalysis. i

-

1.  INTRODUCTION

t The catalytic and adsorption properties of NiO have been studied thor-

: ~ oughly. The oxidation of CO to COy on a NiO catalyst (pure and with addi-

. ' tives) is investigated in the works -5). The values of the activation energy

of reaction presented in these publications are rather contradictory. While

\ - for pure nickel oxide Keier et al. 3), Kutseva 5) and Parravano 1) give low

_ values of the activation energy (3-5 kcal/mole}, Schwab and Block 2) present

.. . about 16 kcal/mole. Further, Keier 3) and Parravano 1) state that introduc-

! .~ tion of monovalent ions (Li+, Ag*) increases the activation energy, while

™ _ trivalent ions decrease it. Schwab and Block 2) maintain the opposite: tri-

1.- valent ions increase and monovalent ions decrease the activation energy.

) The generzal conclusion from the studies on the magnetic properties of

nickel oxide 6-13) has been that stoichiometric NiO is antiferromagnetic

with an antiferromagnetic temperature of 377°C 7). With increasing content

of oxygen in excess of the stoichiometric amount, nickel oxide becomes ~

ferromagnetic 8) or displays non-compensated antiferromagnetism 13).

, The addition of Li ions, accordingito Perakis 3); leads to ferromagnetic

<.. . . properties. As to the character of the curve: susceptibility -composition of

oo “nickel oxide, there is contradiction only in the region of slight deviations

L “from the ‘stoichiometric compound. While according to Klemm and Haas 6),

W7o . specific susceptibility in the above mentioned region increases sharply, the

. t‘ - ‘:_-.:’_' - data of Shirokov 13) show a value which is almost ccnstant.
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Stuches on other physmal -chemical properhehs of nickel oxide have also

. been published. The conductivity of nickel oxide with respect to additives is

studied in the works 14,15). ‘The electromc properties of nickel oxide are.
investigated in 16-19),

With the purpose of explaining the mechamsm of the reaction CO +

- % 02 CO5, some authors studied the adsorpt1on of the initial products on
_ NiO and that of the products of reaction 20-27)_ Irrespective of the great

number of studies, the mechanism of this reaction has not been established.

" Still more uncertaln is the reason for the different values of activation

energy obtained. While the authors of most of the magnetic studies take into
consideration the excess of oxygen, others, especially authors investigating
the catalytic properties of NiO (the work of Kutseva 5) excepted), only give
the conditions of preparation, considering the nickel oxide obtained to be

*  stoichiometric NiO. Assuming that the catalytic properties of NiO depend -

on its content of oxygen in excess of the stoichiometric amount, this ex-

_ plains in all cases the differencies between the results of the investigations,

if the nickel oxide obtained contained various amounts of oxygen. Consider-
ing the data, published for the activation energy, it is evident that they are

. grouped about two values: some authors give 2 high value, about 14-18 kcal/
mole, while others present a lower value of about 3-8 kcal/ mole. Accord-

ing to the data obtained by Kutseva 5), with changing the content of excessive

B oxygen, the activation energy changes but little. However, small amounts

~of lithium or chromium added sharply change the activation energy, but with

“the increase of additives, the change of activation energy is insignificant.

For this reason, the present investigation had the purpose of studying

“the catalytic activity of nickel oxide together with its magnetic properties,
*_ taking into consideration the deviations from stoichiometry as well.

- - P . Do

- - N - £

. "3, EXPERIMENTAL . .~ P

n.-| . -

Speclmens of mckel ox1de, contaxmng varmus amounts of an excess of

oxygen, were obtained by decomposing basic nickel carbonate in air, -at a

temperature, varied from 3000 up to 10009C, in the course of 3 to 24 hours.

e ‘The ratio between nickel and oxygen in the specimens was determined com-
- éplexometmcally, as well as gravimetrically, through the content of nickel

in each specimen. Magnetic susceptibility was measured in an apparatus

" - for magnetic investigations by Gouy's method, in the temperature interval

from 0°C to 100°C, with an accuracy of 1%. Catalytic activity was studied

" in a static apparatus in the temperature interval from 60° to 100°C and
. pressures from 8 x 10‘1 to 4 x 10-1 mmHg. A stoichiometric mixture of
* 'CO and-Op was used for the experiments and COg produced was gathered in
. atrap of liquid nitrogen. Before each experiment, the specimen was heated .
-out for an hour at 100°C, under a pressure of 10- -4 mm Hg. A higher tém-
Lo perature of heating out led to a decrease of the excess of oxygen. The acti-
. ‘vation energ'y and the pre-exponential coefficient were calculated after

finding the dependence 1g T i- 1/T (Here Ti is the half period and T the

absolute temperature)
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The specific surfaces of the specimens were determined by means of
low-temperature-adsorption of nitrogen by the BET method.

3. RESULTS

3

ZCX)

600

1500 °C

400

80Q

e

Fig _I ‘Atomic ratio (O/Ni) between oxygen and nickel in

dependence with the temperature of preparation of
" the specimens. Period of heating for the specimen,

. obtained at 5009; -O~ 3 hours;
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- -@- 80 hours. 2

F1g 1 gives the dependence between the content of oxygen in excess of

the stoichiometric amount and the temperaiure of decomposition of the
specimens. It is evident, that the excess of oxygen decreases with the in-
crease of temperature; at 1000°C stoichiometric nickel oxide was obtained.
The specimen decomposed at 5000C displays a different character. While
with the rest of the specimens, the period of heating has practically no
effect upon the ratio between nickel and oxygen, in the above mentioned
specimen the-content of oxygen decreases with longer heating. Further-

more, the sample decomposed at 500°C containing oxygen in excess amount- -

ing to O/Ni = 1.19 is paramagnetic, while the remaining two samples de-
composed at the above temperature are antiferromagnetic.

. Fig. 2 shows the specific susceptibilities of the specimens as functions

e of the content of . oxygen in excess of the stoichiometric amount. The specific

.}\-\_ ‘ s

i

-

suscept1b111ty decreases with the decreasing content of excessive oxygen.
In the interval O/Ni = 1.15 to 1.12, *he functions change their sign. While -

__gbove 1.15 susceptibility decreases with temperature, i.e. the specimens
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Fig. 2. Specific susceptibility (n) of the specimens in
. _ dependence with the atomic ratio (O/Ni) and

the temperature of measuring the susceptibility.
-0O- 259C; -@- 500C; -®- 80°C .

are paramagnetic with traces of ferromagnetism (their susceptibility is
~ only slightly influenced by the magnetic field), below 1.12 susceptibility
increases with the increasing temperature, i.e. the specimens are anti-
.- ferromagnetic. In the interval between 1.12 and 1.15 susceptibility in-
. - creases slightly with temperature.
: For the paramagnetic specimens were calculated the effective magnetic
moments and Weiss' constants, from the dependence 1/« - T, shown in
fig. 3. It is evident that the effective magnetic moment is 1ower' for the
specimens with higher content of oxygen. The latter being in agreement
_ with the assumption of Ray 28) that Ni with valency higher than 2 hasa
DY S low magnetic moment. For the specimen NiOp 19, the magnetic moment
R corresponds to the theoretically calculated, under the condition that the
" orbital component is frozen.
The change of sign of Weiss' constant is also very characteristic. The
-results from the determination of the activation energy of reaction in de-
_ - pendence with the composition of nickel oxide are shown in fig. 4. While
R o for the paramagnetic specimens, with O/Ni above 1.15, the activation
o .- --energy is of the order 13-17 kcal/mole, transition into the antiferromagnetic
" state leads to a sharp decrease of activation energy, down to 4-9 kcal/mole.
" The dependence between the activation energy and the temperature of de-
- composition of the specimens is analogous to the dependence between the
-~ activation energy and the composition of the nickel oxide. In the specimens

i
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Fig. 3. Dependence between the ¢ “fective magnetic
~ moment (Pegf) in Bohr magnetons, Weiss’
_ constant and the atomic ratio (O/Ni) of oxygen
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Fié. 4. _Depehdence between the activation energy of the
: reaction CO + $03 = COy, (E,) in kecal/mole and
the atomic ratio (O/Ni) of oxygen to nickel.
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decomposed at 5000C, a change in the ratio O/Ni by only 0.04, with almost
equal specific surfaces, leads to a change of activation energy amounting to
about 10 kcal/mole. The results obtained for the pre-exponential coefficient
_are analogous. Transition from one magnetic state into another calls forth
_an amlogous sharp change here of the pre-~exponential coefficient.

00 . 850 1000 79C
Flg 5. Dependence of the sgeciﬂc surface (S) of
- the specimens in m /g and the temperature

of preparation

~a00

-

+ \ - . } A
Fig 5 shows the specific surfaces asa functmn of the temperature of

e decomposition. The change of specific surface at lower temperature is

rather great (almost twice the initial value) for the specimens decomposed

at 300° and at 400°C. X-ray analysis was carried out, in order to study the

- crystal lattice of the specimens. The following results were obtained for
the parameter of the lattice in dependence of the temperature of decompo-
sition of the specimens. For the specimen decomposed at 300°C the para-
meter obtained was 4.211 &, for the specimen at 400°C - 4.180 &, 500°C -
4.186 &, 600°C - 4.171 4, 7000C - 4.169 & and 1000°C - 4.184 A. There is

S a tendency toward a slight deformation of the lattice. The lines of nickel

.. oxide are preserved in all the specimens. The lines in the specimen de-
composed at 300°C are not very distinct, but they are still there, i.e. the

" acceptance of oxygen and likely the formation of NigOg takes place without

the lattice of NiO being distorted. These results coincide W1th the data of
Slumomura 8). .
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4. DISCUSSION ‘ ' : . ‘

It is evident from the above results that in the oxidation of CO to CO2
and probably in other reactions also, the magnetic state of the catalyst is
an important factor, determining its catalytic activity., When nickel oxide
is antiferromagnetic, the activation energy is low (4-9 kcal/mole); the reac-
tion takes place with a high rate. When nickel oxide is paramagnetic, the
activation energy is of the order 13-17 kcal/mole. The fact that with the
monotonous change of the content of oxygen in excess of the stoichiometric
amount, the catalytic parameters {activation energy, rate constant, etc.)
’ { are sharply changed and this sharp change coincides with the transition
“from paramagnetism to antiferromagnetism, shows that the excess of oxygen
affects mainly through changing the magnetic state of the catalyst and less
+ by changing the number of active centres or the crystal structure. It is
) evident, this is a case of magneto-catalytical effect, which could also be
- observed at a constant temperature, if a possibility exists for a definite
way of changing the magnetic state of the substance. The increase of the
excess of oxygen disturbs the strong interaction in the antiferromagnetic
specimens and they become paramagnetic with traces of ferromagnetism,
due to the incomplete suppression of the strong interaction. Transition from
the antiferromagnetic to the paramagnetic state can also take place with
raise of temperature. Therefore, in discussing the resuits, the history of
nickel oxide must also be taken into consideration, i.e. its composition and
the temperature of determining its catalytic activity. These conclusions
are confirmed by data of other authors and explain the contradictions in
their results. For example, Kutseva 5) has worked with specimens, showing
O/Ni up to 1.12 and temperatures up to 200°C (the data are calculated from
G : ’- the graphs in the publication). Hence, the specimens are antiferromagnetic
7 and it should follow that the activation energy would be lower. The experi-.
i mental data.show values from 3 to 5 kcal/mole.
__ For the specimen of pure nickel oxide Parravano 1) g1ves two values
" for two different temperature intervals. This can be explained, taking into
consideration that, according to the method of preparation, the specimens |
should be antlferromgnetlc and the activation energy lower. For the tem-
perature interval 100-1809C, it actually is about 3 kcal/mole. The increase
of activation energy in the second temperature interval is due to reaching
P " the antiferromagnetic temperature and the transition into the paramagnetic
state. A lowered antiferromagnetic point could be expected here, because .
it depends upon the dimensions of the particles as well 10), Schwab's speci-
S 1 - mens are also antiferromagnetic, but because the catalytic measurements
W were made at a higher temperature the activation energy ought also to be
higher, as is actually observed.
As to the specimens with various additives, the foretelhng on the activ-~
ity of the.catalyst could be made, if the ratio between Ni, O and the element
~ added, as well as the magnetic state of the catalyst, are known. We are of
. the opinion that when the specimen’is antiferromagnetic and the catalytic
reaction takes place below the antiferromagnetic temperature, every kind
~ of additive should lead to an increase of the activation energy, if it disturbs

-

. EN . . Pl L

Declassmed in Part Sanltlzed Copy Approved for Release 2014/03/04
CIA-RDP80- 00247A004200070001-6 ) Tan e Teow eEL L e

o . I |




Declassified in Part - Sanitized Copy Approved for Release 2014/03/d ;
CIA-RDP80-00247A004200070001-6 - 4

8 | - | STAT

the strong interaction. With the paramagnetic state the problem is more
complicated and depends on whether this state has been reached through an
additive or is due to a.content of oxygen in excess of the stoichiometric
amount, or after increasing the temperature. The data for the magnetic
moments calculated show that Ni*3 is obtained at the expence of the excess
of oxygen. The crystal structure however is preserved almost to the full
transformation of NiO into NigOg (the specimen with O/Ni = 1.44). Here, a
deformation of the lattice is observed and the lines of the specimen decom-
posed at 300°C are already slightly diffused. Hence, in this case the exist-
i, t ence of two phases can no more be assumed.
) The authors wish to express their thanks to Mrs. K. Hristova for the
complexometric and gravimetric analyses and to Mr. I Tsolovski for the
X-ray studies.
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INTERACTION BETWEEN ADSORBED MOLECULES AND
THE MECHANISM OF THE ELEMENTARY ACTS IN THE
. -~ DEHYDRATION OF ALCOHOLS ON OXIDE CATALYSTS

. ' V.E.VASSERBERG

The N.D.Zelinsky Institute of Organic Chemistry, Academy of
. : : ’ Sciences, Moscow, USSR

- Abstract: The presence of foreign substances greatly affects the kinetics of al-
cohol dehydration in the adsorption layer over AlpOg, leading either toretardation
or acceleration (conjugated dehydration) of the reaction. The mutual effect on
the adsorbed molecules can also be observed at ordinary pressures, but at low
temperature, in the "pre-catalytic' region. In particular it is manifested in the

. newly discovered reaction of what may be called isotope-radical exchange,
wherein a radioactive label is transferred under conditions of catalytic dehydra- -
tion. The degree of transfer depends upon the nature of the catalyst. The charac-
ter of the catalytic heterogeneity of the surface and the number of active centres
have been determined for a mumber of AlpOg catalysts. Active intermediate com-
plexes have been shown to ke formed in the adsorption layer during the dehydra-
tion reaction. These possess many properties characteristic of free radicals,

i . catalyzing for instance the para-ortho hydrogen reaction, polymerization of ole-

' , fins, etc. The existence of two dehydration mechanisms has been suggested: (a)

a high temperature mechanism whereby olefins are formed directly from prima-

) ry complexes and (b) a low temperature "collective' or polymolecular mechanism

g . : associated with the formation and decomposition of secondary complexes result-

B T ' ing from interaction of the adsorbed molecules.

‘ 1. INTRODUCTION . ' "
J' . ' It is generally accepted that all heterogeneous catalytic reactions take
- place in the adsorption layer formed by the reactant molecules on the cata-

‘ lyst surface. Hence in order to judge the true mechanism of the reaction and
the nature of its elementary acts one can not merely confine oneself to a
study of the reaction kinetics by determining the changes taking place in the

. compositon of the liquid or gaseous phases,; but the behavior of the adsorbed
molecules themselves must be accounted for. For this one can utilize IR
N spectroscopg (as is now being done, following the pioneer work of Terenin?)
3 - _and Eishens<) or direct kinetic determinations of reactions in the adsorption
R layer. Despite its unquestionable merits the latter method has not been used
to a great extent. Among the few works in thig direction mention should be
N - made of the classical studies by Dohse et al. 3)carried out as far back as in
o0 7 - 1929-1933 and-also some later ones%-9), In recent years this method has
}--- . . been systematically employed in A. A. Balandin's laboratory for studying the
1 © ° . dehydration of lower aliphatic alcohols and ethers on a number of Al903 ca-
' | - L7, . talysts of different origins. : '
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2.1. Mutual effect of the adsorbed molecules and the inhomogeneily of
alumina
Our method, a modification of Dohse's technique, is as follows: A
sample of she catalyst (from 0.1 to 7.0 g) is put on the pan of a springlever
_ balance placed in the circulating system of a vacuum set-up and degass-
_ ed at 450° until a pressure of 10-3 mm Hg has been reached. Then at the
. : temperature of the run (from 40° for tert. C4HgOH until 2200 for CaH5O0H)
. a certain amount of reactant vapor (measured both manometrically and di-
rectly from the gain in weight of the catalyst due to adsorption) is introdu-
) _ ced into the system. After that the rate of reaction in the adsorption layer
| is followed by the increase in the pressure of the olefin formed, water re-
> maining firmly bound to the catalyst.

' In this way many pecularities of the reaction playing an essential part
in its mechanism ¢ould be revealed, and those which are frequently hidden
when carrying out the reaction under ordinary conditions, i.e. in a flow
system at atmospheric pressure. For instance, it was found that alcohols
are dehydrated in the adsorption layer at measurable rates {(the half decom-
positon period 7g 5 = 2 - 30 min) already at quite moderate temperatures
(100-140" for iso-C3H7OH) i. e. when this reaction is not noticeable under
ordinary conditions. Furthermore catalysts most active in the monolayer
reaction may not prove to be optimal under atmospheric pressure 11). Also
there is no regular relation between the corresponding activation energies.

Interesting data have been obtained in the adsorption layer study of the

. concurrent dehydration of isopropanol and ethanol. The reaction turned out

- to be always hindered for iso-C3H7OH, but accelerated in a number of
cases for ethanol. This phenomenon of conjugated catalytic dehydration has
been explained by the interaction between the active intermediate complexes
formed by the respective alcohols in the catalyst surface under the reaction
conditons 12). Later, together with Balandin and Silskova we decided to see

. . “whether such a conjugated process occurs under ordinary conditions, car-
o ' rying out the reaction at low temperatures, i.e. in the ""pre-catalytic" re-

. ' gion. Dehydration of CogHgOH, is0-C3H7OH and their binary mixtures was

) . studied in a recycling system 13) at 150-250° and 1 atm pressure, -the gas

being analyzed by partition chromatography in a stream of COg. It was .

found that at "150° the reaction does not take place at all; at 200-2250 the’

over -all amount of ethylene formed from an equimolar mixture of the alco-
hols was by-2.3-4.9 times larger than that obtained from pure CogH5OH. At

'250° the amount of CogH4 was less than from pure ethanol. The amount of

.. ..~ - CgH4 was just what should have been expected from the trivial assumption

’ that dehydration of both alcohols takes place independently, the relative
- " . -yield of the reaction products being determined only by their competition
. . for the active centers. The amount of ethylene formed is still less for equi-

R molar mixtures of C9H50H with CH3OH or H20.

‘ S .~ .Inprevious studies 14,15) examples were presented of the mutual ef-

fect of adsorbed molecules on the rate and direction of reaction for a large

'number of binary systems. It was found that even small amounts of say,

|
|
2. EXPERIMENTAL
|

-

Declassmed in Part Sanitized Copy Approved for Release 2014/03/04
CIA-RDP80-00247A004200070001-6 .

"‘ . . e R




Declassified |n Part - Sanitized Copy Approved for Release 2014/03/04 -

CIA-RDP80-00247A004200070001-6
. | _ S 3 STAT

acetone, dioxane, acetonitrile and ethyl acetate can almost completely inhi-
i bit the dehydration of 5-7 times the amount of iso-C3HrOH in the adsorption
\ ) layer. Further in a number of cases, when the degree of coverage was very

!
r

low, polymerisation of the olefins was observed, indicating that surface dif-
fusion of the adsorbed molecules takes place.

In the co-operationwith Balandin and Georgievskaya the character of
the inhomogeneity of the surface of a number of alumina catalysts and the
shape of the active center distribution curve were determined. In this study,

. instead of the usual integral method of Dohse (determination of the over-all
rate of decomposition of the adsorbed alcohols as a function of the degree
' of surface coverage ¢ a new, differential method was employed. This was
t aimed at determining the dehydration kinetics of a small amount of a given
h alcohol adsorbed on various regions of the surface. This is achieved by pre-
o liminarily blocking a part of the surface by various amounts of a pread-
sorbed inert substance (water) (fig.1).

! - 4
7

) SR

- Fig. 1. The half decomposition period of the adsorption layer

© .-  dehydration {80-C3H70H on various alumina catalysts
, - . as function of amount of preadsorbed blocking substance
wes .. - - (curves 1-6; water, curves 7-8: dioxane).

o . lapd7- Catalystno 1, 1409; 2 ~ Catalyst no. 2, 1109;
. 3 - Catalyst no. 3, 1200 4 - Catalyst no. 4, 1200

5_ Caﬁdyst no. 5,1200; 6 and 8 - Catalyst no. 6, 1300.
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On the basis of the "effective specific adsorption area" w of the given cata-
lyst 16) and the value of wordinarilly accepted in the literature for water

w = 10.2 Az)‘; the number of active sites w and the fraction of the active sur-
face Sact in the various catalysts could be determined from the position of
the point of inflexion of the curves on fig.1. The following alumina catalysts

.were employed: (1) commercial grade A-1; (2) precipitated from sodium

aluminate solution by CO at 0°; (3) prepared by the hydrolysis of aluminium
isopropilate; (4) precipitated from aluminium nitrate solution by aqueous
ammonia at 100°; (5) ditto, but with Zn(NOg)2 added to the solution to obtain
0.5% (molar) ZnO referred catalyst; (6) ditto, with 10% ZnO. '

It can be seen that Z lies }%etween 8 x 1019/g and 1.7 x 1020/g (which
corresponds to 3.6 - 5.8 X 1017/m2 of the catalyst surface) and Syt from
12% to 30% of the overall surface. Further experimental investigations of
this question led to quite unexpected results. Thus it was found that dehy -
dration of iso-CgHnOH practically stops altogether if dioxane molecules are
present in isth to T‘ﬁth the amounts necessary to cover all the active centers-
(we had determined for the given specimen). Furthermore for the same tem-
perature T g can drop to ith - Jjth the former value if the reaction is
carried out él%very greatly diminished surface coverage (0.004 - 0.02"
mmole/g instead of usually employed values of 0.06 - 0.1 mmole/g). In this
case the break in ¢ - 7 g 5 curve (similar to that determined by Dohse),
sets in already at 0.06 mmole/g. This is about jrd the value we had obtain-
ed for the same catalyst by the differential method, but on the other hand it
is in very good agreement with that obtained by Dohse for bauxite
{2 -3 x10 9/g). It thus follows that the lifetime of the intermediate complex
and hence the reaction rate depends not only upon the activity of the center
and the nature of the adsorbate, but also upon the presence or absence of
other molecules in its immediate vicinity. In other words the rate of dehy-
dration of "isolated" molecules is higher than that of the molecules with
neighbors.

~ “Similar acceleration of the reaction was observed for iso-C3H7OH in
the "pre;scatalytic' region when working in a recycling system under dilution

- with argon, nitrogen or COjy. :

The low temperature decomposition of ethanol (at 120-140°) may serve
as an example of the inverse mutual interaction of adsorbed molecules we
observed on some alumina catalysts. The reaction in this case assumes a
noticeable rate only after a certain threshold value of the surface concen-
tration of alcohol (fig.2.).

2.2 .' Radical-like intermediate complexes in dehydration catdlysis
The formal similarity of many of the above-mentioned phenomena with

. free radical reactions led to the assumption that under the conditions pre-
_vailing in our experiments the reactants form radical-like intermediates on
‘the surface of the catalyst. Such types of intermediates in heterogeneous ca-

talysis have been postulated by numerous workers (Zelinsky and Shchuikin 17),

"+ Eidus 18), Temkinl® R Semez%gv, Voevodsky and Vol'kenstein2® , Myasni-

kov 21)., Kemball 22) et al. Direct experimental evidence of their exis-

tence has been provided in the works of the author together with Balandin

Y
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l and Davydova 24) and Davydova and Georgievskaya 25), when it was shown |

! that the active intermediates formed in the MySO4 and AlyO3 catalysed de-
|
l

hydration of alcohols and ethers possess such characteristic properties of
free radicals as the ability to induce the para-ortho hydrogen conversion.

-
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Fig. 2. The threshold value of the surface voncentration of alcohol in
b the low-temperature adsorption layer dehydratlon of CoHOH.'
7 : 1 - Catalyst no. 1, 140°; 2 - Catalyst no. 2, 140°; 3 - Cata.lyst
no. 3, 1209°.

Later together with Georgievskaya it was shown that the adsorbed layer de-
hydration of iso-C4HgOH on some alumina catalysts was accompanied by i~
: nitiated polymerization, also a characteristic property of free radicals. If
- propylene or isobutylene is pzlehmmanly added to the system (at pressures
of 0.05 - 0.1 mm Hg) dehydration is accompanied not by a monotonous in-
crease in pressure resulting from more of the isobutylene being formed from
the alcohol, but the pressure falls instead below the initial value and begins
_ to rise after. The polymerization process associated with the pressure

drop is not observed before dehydration sets in and rap1d1y ceases on its
‘ completlon {fig.3. ) N
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2. 3.. Catalytic radical-isotope exchange and interaction between adsorbed
molecules
. Interaction between adsorbed molecules in the pre-catalytic region was
demonstrated by Balandin, Levy and the author 26, 27) with the aid of a ra-
- diochemical method. ' -

t
'

1

,anh'} 2

S

[ Tome, s
[ 2 3

Fig. 3. Initiated polymerization of isobutylene by concurrent adsorption
3 : layer dehydration of iso-C4HgOH on AlyO3 + 10% ZnO catalyst
R ek . at 1209, 1 - Pure iso-C4HgOH; 2 - Isobutylene + iso-C4HgOH.
Vertical line ~ addition of the isobutanol.

We concluded that such interaction if it takes place could lead to an ex-
change of particles or groups between the reacting molecules and hence,
- with tracer atoms to a change in the isotopic composition. For this purpose
L CI4H3OCH3 (C14H30H in some runs) was chosen as the label donor because
- of its stability under the experimental conditions, since, while forming the
same intermediate surface complexes as the other alcohols, it cannot under-
. ~ go dehydration. As second components of the mixture, with the dimethyl ether
’ . . to be passed over the alumina catalyst , were other alcohols, ethers, ketones,
: olefins, etc. In many cases this gave rise to a new type of reaction, radi-
_ cal-catalytic exchange of the label between the methyl ether and other com-
. pounds. Later we showed that the degree of exchange depends upon the na-
' ture of the catalyst. Thus on passing a mixture of oct-1-ene and C14H30H
" in a ratio 5:1 at 225° under various catalysts, namely AlgOg treated with
potassium hydroxide, AlpOg + -Fe03, untreated Al9043, alumosilicate
- eracking catalyst and Cag(POy)y, the specific radioactivity of octene in the
catalysate was 0, 50, 60, 190, 170 and 25 imp/min-mg BacOj, respectively.

- 3. DISCUSSION OF RESULTS ,
- -'The data on the surface heteroge'neity' of the alumina catalyst led to the
- following conclusions. ' ,
7 1) It is not at all a generale rule that all active centers should be iden-
©: ! tical as found by Dohse. One can see from fig.2 that the initial part of the
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curve is'parallel to abscissa axis only for one catalyst. '

2) The large differences in activity of the catalysts (the 7 5 value at
120° for isopropanol on various specimens varied between 6 and 27 min)
under our experimental conditions when the entire alcohol was adsorbed and
there was no competition for the active centers, could be explained only by
differences in the activity of the unitary centers, rather than their number.
Under ordinary condtions, the catalytic activity is probably the total result
of the average activity of the working active centers, their number and also

_ their mobility, i.e. the ease with which they are regenerated after comple-
7 tion of a unit reaction act. _
L. - 3) The AlpOj3 surface contains sites that are devoid of -catalytic activity.
L Thus it can be seen on the curve that after the surface concentration of Hp0
P reached about 3-4 umole/m? the reaction stops almost completely, although
. the coverage is far from that corresponding to a complete monolayer and the
surface still contains some adsorbed alcohol. The conclusion regarding the
presence of inactive sites could be made only on the basis of the differential
" and not the integral approach. :

We shall now attempt to treat the available material from a single view-
point, assuming that the adsorbed reactants form labile, radical-like inter-
mediate complexes on the active sites of the catalyst surface. At the limit
such complexes may be regarded as free radicals, stabilized by the sur-
face*. Our studies have demonstrated their existence at the relatively low
temperatures of 150-2500, but it is only natural to assume that they can

N occur at all temperatures of the dehydration reaction. However, the direc-
tion of their further transformation depends upon the reaction conditions.
They must have a short lifetime at relatively high temperatures of the order
of 350-450°, the main direction of reaction possibly being immediate break-
"down to the ultimate olefin. These strongly adsorbed radical-like forms
have a longer lifetime at 100 - 200°, under conditions of reaction in the ad-
. sorption layer or in the "pre-catalytic” region and by their residual valen-
cies can bind other molecules either of the same or other species migrating
: _on the surface. New intermediate forms then arise possessing a different
. " (frequently higher) stability, and manifest themselves by changing the rate
~and even the direction of the reaction. As for the rate of decomposition of
the foreign molecules bound to the initially formed complex, this may even
increase (example of conjugated dehydration).

The proposed mechanism in the case of conjugated dehydration and

transfer of the radioactive label can be represented schematically as follows:

.y

T e

* The existence of such surface stabilized radicals has been repeétedly discussed
in the literature in recent years. '
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H H
>(;- ---c7 CoHy + HoO
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H OH
CHj3 H
AN */
H—C- - - -C—H oy ity
' OH/': o NH CH + 4o+ 2H0
. H\é (l:/H CHz
’ g’
1 i X* i
g H OH CHj3 - CH-= CHy + CHy = CHy + 2Hg0

H the conditions induce considerable interaction between the reacting
: ' molecules, an appreciable proportion of the end products can originate not
o I from the primary "singlet'' active complexes, but from the secondary comp-
lexes resulting from the additon reaction. The " collective', polymolecular
decomposition mechanism will then begin to play a considerable or even pre-
dominant part in the reaction. The differences in the adsorption layer and
ordinary dehydration kinetics can be explained by the possibility of such
dual reaction. The high temperature under the ordinary conditions is detri-
mental to the formation of interaction products so that they cannot be de-
tected in the catalysate.
S The collective reaction mechanism is in harmony with the basic | prin-
T ciple of the multiplet theory of catalysis according to which the active inter-.
i ‘mediate complex is’'a molecule with partially ruptured bonds. The bonding
electrons of the atoms comprising the '"'multiplet reaction index' are par-
tially delocalized due to interaction with the atoms of the catalyst. There

-is therefore no difference between such a formation and a free surface-

- stabilized radical, since in this case delocalization of the unpaired electron
of the radical also takes place. Hence such a complex should possess en-
hanced reactivity and form bonds with its neighbors.

Because of this reactivity, the failure of attempts to detect such radi-
cals by EPR when the reactions were carried out under usual conditions be-
comes understandable. In that case the secondary polymolecular complexes
are formed causing considerable loss of the radical-like properties. Thus
when cartying out the dehydration of alcolhols under the usual conditions we
also could not observe the para-ortho hydrogen convertion, incontrast to

~ the monolayer reaction.

If it is assumed that the concept of the radical-like character of the pri-
mary intermediate complexes here developed is of a general nature, then in
the light of this theory a number of other observed phenomena will become
understandable. This for instance is the case for the effect of the space velo-
city and inert gases on the rate and selectivity of a number of catalytic re-
actions, in part_icular etherification. It also sheds new light on numerous

- AY
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™ G

~

Declassmed in Part Sanltlzed Copy Approved for Release 2014/03/04 S ‘ -
CIA-RDP80-00247A004200070001-6 /. .. . « TR




Declassified in Part - Sanitized Copy Approved for Release 2014/03/04
CIA-RDP80-00247A004200070001-6
o | 9

data concerning the effect of the solvent species and of various poisons which
as a rule had been explained by selective adsorption of foreign molecules on
the active sites. Attempting to account for the specificity and highly varied

" nature of the action of these foreign substances one had then to postulate a
large assortment of active sites responsible for the respective reactions and
selectively sorbing the poisons. We however, believe ti more likely that
these substances form with the adsorbed reacting molecules various secon-

The available experimental data does not allow one to judge as yet the
, structure of the polymolecular intermediate complexes or the number of

constituent molecules. Neither are we able to tell their mutual arrangement -

s whether on a single plane or in different layers (sandwich structure), etc.
) However the concept of their existence is in conformity with all the data ob-
' tained in the present work and can thereforeé be considered to be sufficient-
ly based on fact to merit further attention.

Table 1
mhomogeneity of the active surface of alumina catalysts of
different Ol‘lng .

Surface cov- Catalytic
i;ag::;g e‘;,f. erage at the | Amount Number of activity in
Sp. mmole/g point of of di- active cen— the adsorbed
No. sur- >-lbreaks in the {oxape*** ters. Z IS layer
ofthe | face | . . | o . |curves fig. 1,|at com-| ’ (%:t
catalyst by N2l 5.6 | jso- |18 mmole/g | plete in-i,,18/|;019/ E
m 2/ 2 - F hibition, |' 2 " |" \(keal/| Half
pro 1EOT* 1 4 ages mmole/g | B mole)| period of
pano HyO _ decompos
; ) - 70,5 (min)
at 1200 |-
v 1 |130.[21]0660.30| 014 | 0.06 |0.70 [ 9.0{23 |17 | - 27
2 222 | 3.6 |1.14 10.20 ¢.13 0.06 0.36 8.0113 {25 -6
3 210 | 3.4 |[1.12 [0.26 0.16 0.07. 053 | 11,0112 (24.5 . 8
‘ 4 236 |-3.8 |1.10 {0.32 0.18 0.06 051 |12.0|14 [20.5 13
" * 5 247 | 4.0 | 0.910.30 0.13 0.04 0.33 8.0i14 {19.0 10
6 290 46 {093|090 0.28 0.07 0.59 | 17.0}30 21.0. _ 24
. * Experimentally determined.

** The total effective coverage is expressed in mmole of isopropanol for 1 g of the
catalyst, taking into account the differences in values of the elementary adsorption
areas, i.e. that one molecule of iso-CgH7OH is equivalent approximately to 3 .
molecules of H20.

*+* For dioxane the value of » on Al,Og i8 equal roughly to « for 1so-C3H7OH as it
was demonstrated in the paper §)
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CATALYTICAL REACTIONS AS REVEALED BY
MEANS OF ISOTOPIC KINETICAL EFFECTS AND
EXPERIMENTS WITH TRACER MOLECULES

] . . )
| , MOLECULAR MECHANISM OF SOME
i

S.Z.ROGINSKY

.

the oxidation of hydrogen on platinum points to the participation of oxygen and

the non-participation of hydrogen in the limiting step of the oxidation of hydro-

gen. The step-wise scheme of this process is considered; the promoting effect

\ . of oxygen and the heterogeneity of the surface are taken in account. Results of

; : the investigation of the 7 mechanism of Fisher-Tropsh process on cobalt catal-

ysts by means of the distribution of the radiocarbon mark in the products and

: the isotopical kinetical effect are exposed. The possibility of 2 considerable

: simplification and selectivity of the hydrogenation processes by conducting them
in a chromatographic separating method was shown, as well as the perspectivity
of a simultaneous application of radiochromatography and a chromatographic
column in the study of reactions and catalysts. '

v : : i
i - Institute for Chemical Physics, Moscow, USSR

‘l

) é' Abstract: The measurement of hydrogen and oxygen isotopic kinetical effects in
|

1. INTRODUCTION

) The participation of solid surfaces in heterogenous catalysis involves

! - - * intermediate forms and reaction mechanisms which are very difficult to

"t - elucidate. For a considerable number of the homogeneous chemical reac-
tions of gases and liquids the molecular mechanism is unambiguously stated.
The mechanism of heterogenous reactions remains open to discussion, even
for the most investigated and simple gaseous contact reactions, proceeding
) with the formation of one stable product and the breaking or formation of
fo 7 "-only 2 or 3.chemical bonds. Still less clear is the mechanism of the com-

| . plicated contact reactions, where the main function of ‘the catalyst is a ki-
A bernetic regulator of reaction routes and a control of chemical and spacial
‘structure of the complex end products.

This situation shows, that the orthodox methods of research in cataly-
gis are not sufficient for an elucidation of the deep reaction mechanism. In
this report I shall expose some results, obtained by investigating the me-
chanism by means of other {mainly isotopic) methods. -

e e
.o

. \ .
——d

F IR

{7 2. OXIDATION OF HYDROGEN ON PLATINUM

o

o Fpr-this‘éysfém the main 'features are: a low ac{ivity of the degaéed —
.‘[: metal, the possibility of strong activation of Pt by means of oxygen uptake
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from 02 or from the reacting mixture 1 ;2) and a strong catalyhc corro-
sion 3). The reaction kinetics are different on Pt- spec1mens W1th dxfferent,
histories. : -
For stoichimetric mixtures the reaction order is usually 3: (w'= kpi)
In SOme cases this order results from a true first order for oxygen and-a
- 3 order for hydrogen w ~[03]/{H2]Z, in other cases there exists a true 3
. order for oxygen and a zero order for hydrogen. These peculiarities of the
e “." reaction kinetics led us to.a probable stepwise reaction scheme. The pro-
) " cess starts with chemisorption of oxygen, which is charged negatively by
. the metal's electrons. The limiting step involves oxygen; but not hydrogen 2).".
" To check this conclusion'the magnitudes of isotopical kinetic effects

el L () of hydrogen and oxygen were measured.
' - .-- . For reactions, consisting of > 2 steps it is important to dlstmgmsh be-
. -7 .77 tween the valués a; - (obtained by the comparison of velocity constants of the
y. '+ __ . two separately conducted isotopic reactions) and ag (obtained from the mag-
] IR nitude of isotopic separation, accompanying reactions of a mixture of isoto-

pic molecules). For a stationary process in the simplest case aj equals the
" ratio of velocity constants of the limiting step. In the presence of auxiliary
equilibria, @; can-contain (as factors) thermodynamic isotopical effects.
Accumulation of o of different kinetic steps is impossible. Owing to
- .. competition between the isotopic molecules a3 can be observed on each bi-
“furcation for the element, whose isotopes do not participate in the limiting
‘step.- For the same reason in multi-step reactions, ‘ag-values may differ
! "* from those of the single steps 4). If there is no redistribution provoked by
- isotopic exchange, or if this is strictly taken in account, the ag-values can
be measured with greater reliability and precision, than the a;-values.
- .‘FTherefore for oxygen measurements of only ag were real. For hydrogen

r

.o ;rr-l—-—g- E
s R
o .

’
P R T s st JELY
B T A
v
P
v

.;'_"_' - ._ ” both values of @ were determined with deuterium (mass-spectrometrically
sl 7 - .and by water density measurements). In a large temperature range for Jow
- .7 . total pressures (0.1 mm Hg) and for atmospheric pressure, @ = 1. The.
e o T

3o 7. -data, obtained at.low temperatures and low pressures (see fig. 1) are the
.7+ - :~~- most convincing. '
) ’ Evndently the assumption 5) about the value a; =1 for hydrogen is true.
NS O The ¢oincidence of the curves of fig.2 to a great extent shows that the reac-
- -« -tion velocity is independent of [H2]. This fact, together with @j =1, almost

A unambiguously excludes a participation of free or bonded hydrogen in the li-
LA " . -miting step of the hydrogen oxidation. N
ST For platinim, poisoned with respect to the isotopic exchange:
v s7 .. ..DH+ Hg0 - DHO + HD, there was found earlier an ag-value, changing from

T - 1.3¢to 1 1 in the temperature range 95°-300°C 6). When the temperature is
: . - . ‘lowered to 20°C this a-value increases up to 1.8 (fig.3), which is greater

. -+ . than (mygp/my). This fact indicates the presence of an isotopic bifurcation

7% 7tT... witha chemical mechanism. Under different conditions the ag-values for
“ ot k... - . oxygen are found to vary from 1.01 to 1.05. Experiments were performed .
T 'with a gas, .containing 13 atom % O18; so only the molecules 016 018 and

e J
R

-
-
e

EE Vs Tl 0316 have to be taken in account. 'I‘he values ag > 1 for oxygen and the ex-
SUVR < IOSIEL plicit dependance of the stationary velocity of the process upon oxygen con-
PR A —.‘, -'centration indicate thdat oxygen participates in the limiting step. This result,
f :. ) ;f":"- ": ‘.j ' ._2-..1-.; :‘ Fr-- 1.1::-',' ‘j'.:-:-- -_;..- _._-_':’7 -.: PR ". < .‘.' _:',_’_-:_7"; ':_. - -t 3 ".__ .- "f P 4-" E

- -, PR R
L3 LT - S 5
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in conjuction with other data for the same system leads to the following step
- scheme: Scheme I
(-) 3 (-)

o 1 o* * 9 * (- © % *
a - L Pt + Og—=Pt; Pt + 03—PtO2¢chs ; 1}“:0 chs — 2PtOchs 3
- 1. - * * (+
| o Pt + %ﬂz—l*PtHS:h)s ; Pt H2_2"'Ptﬁf?.a?ds ;
[ * . * (-)- - -}
| Pt + -;-Hz—:—;—-PtHchs ; Ptn(ch)s—i—Pt + HoO ;

STAT]

.-‘.-(- +4) 1 " (-) + 2 3 (-
- "OL 0ch)s + Hga.ds—"Hzo 3 Ogads + H&a)ds—'Hzoz“'“"’ Oszh)s + Hg0

Ilo, ’ _ - . ™ I :

We should like to emphasize the introductio of a preparatory stép -

v \ the formation of the active surface of platinum (Pt). . ‘
; AP mm Hg , : - o
‘ ' amo b LT ' Cor :

;;*‘E'A'.

il = e e r ome -

. . . . 1 i | EOEI | 1 .
L e . T e, M- @8 " 20 Tmin
- N - " Fig.”1. Reaction kinetics of stoichiometric mixtures
. . : L of oxygen with protium and deuterium at - 789.
I sl a0 T (Pomixt® 0.107 mmHg
. T o X - protium
e " - o-deuterium .

»

e '_ This step‘v is a result of the oxygen uptake by the metal. This activation can
B Qgprevented by .a firm uptake of other gases and in particular, of hydrogen.

2 . Pt probably consists of sites, of a two-dimensional oxide PtO. After long

- " work a 3-dimensional oxide layer is formed. This layer can be detected by

R electron diffraction (fig.4); it was identified as Pt304 7). According to Shis-

© Te e hakof this stable peroxide may be PtaOg, with O-O-bonds in the crystal lat-

S 17L5 * tice 8). Platinum, covered with this oxide, is especially active.

;7" - .Depending on external conditions and the state of the surface, the cata-

24+ |¥% 7 2= lysis can be controlled either by the chemisorption of oxygen in the form of

S IR O3.4sl2, or by its transiton in dissociated state I3. According to electro-

{7:+ " chemical data both forms can coexist 9, 10) and O3 and can react with water

H R

. ) 2~ forming peroxide. Under special conditions the formation of peroxide can

it

: b -
-~

= s < A
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occur also at the oxidation of H3.

APmmHg . %
a0l (-"”a—._

oo

i 1 1 1

o o , 20 a0 w6 Trmin
o . K Fig. 2. Reaction kinetics. in mixtures with constant oxygen volume
- and different amounts of hydrogen at - 78°C.

®-0y:Hpg=1:1 (Pyg =0.140 mmHg Po)2 = 0.104 mmHg

o -02 Ho =1:2 (Po)1 = 0.198 mmHg (Po)2 = 0.157 mm Hg

i . x =0g: Hy =1: 3 (Pg)1 = 0.258 mmHg (Py)3 = 0.214 mm Hg
" The upper bundle of curves corresponds to mixtures at high

initial pressure.
S
' wp oo B
‘ ' - _1.6_ - -

. - w
e -
0 [ | 1 1 1 1

a 50 100 150 200 2sa  aelC

Fig 3. Temperature dependence of the sepa.ratwn degree S1,

, " corresponding to 10% conversion in a mixture of Hg and
- . HD (atmospheric. pressure, dynamical conditions),
L T Lo .'QHZHD’ X - 8199, (Po=0.2 mm Hg statics).

Ay

-therefore as.a rule only water is formed in a gaseous medium.
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s Under usual condmons the peroxide is unstable in contact with platmum,

L ) w~[02] when the velocity and kinetics are controlled by step Ig; and
IR w~02= when by step -I3. It is very difficult to give a more concrete defi-
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nition of the adsorbed forms of hydrogen and oxygen, participating in the
catalytic process, because the adsorption of both gases is complex as re-

" vealed by a study of the adsorption on surfaces which have been degased in
an ultra-vacuum, and they affect one another. Let us suppose, as a working
hypothesis, that O3 or O~ react with Ha*, which, according to Mignolet 11)

and others can be formed at adsorption on the first negatively charged hy-
dride (or oxide) layer. Similarly O or O™ reacting on Pt, lie in the second
layer.

- t. +

. . 'll-\' 7.
B - S A

Fig. 4. a. Electron diffraction picture of a fresh platinum plate.
b. Electron diffraction picture of platmum after catalytic

oxidation of hydrogen.

N Supplementary complications are introduced into the mechanism and
kinetics of hydrogen oxidation and of the majority of other contact reaction
by the catalytical and chemosorbtional heterogeneity of the surface and by
the modifying interaction of adsorbed molecules. In catalysis and adsorption
it is impossible to distinguish between the influence of heterogeneity or inter-
action on the grounds of external manifestations. It is possible to do so by
means of contemporary physical methods. Some isotopic methods, elabora-
ted in our laboratory 12), are effective for the investigation and detection of
heterogeneity.

To the study of the mechanism of catalytic isotopic hydrogen exchange
on active platinum these methods were recently applied by Boreskov and
Wasilewitch 13). The kinetics of the low-temperature isotopic exchange of

. adsorbed tritium with.Dz and Hg indicates a large inhomogeneity of the Pt--

> : "
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surface relative to the velocities of isotopic exchange. The distribution of
gites relative to activation energies of exchange is found to be nearly uni-
form. The part of highly active centres is small, as for homomolecular
"Ho + D2 - exchange. .
The nature of these sites probably differs from these of the other sur-
_ face regions. It is interesting to note the absence of an isotopic effect
(@i = 1) in the exchange of Hg and D9 with the adsorbate. This indicates
that H9 and D9 do not participate in the formation of transition complexes
of the limiting step of exchange. It follows from the same data that chemo-
sorbed H and T participate at this step.

I -

3. SYNTHESES OF ALKANES FROM CO + Hy. HYDROPOLYMERISATION OF
ETHYLENE. :

The former processes is characterised by a simultaneous formation
of several (many) members of the homological series. Depending on the

‘ _ choice of the catalyst and on the conditions of the synthesis there are formed

3 chiefly C,Hoy.2 or CpH2p,10H from CO + H2. Other homological series are

represented in a much lesser degree. For the chemosorption of hydrogen on
these catalysts there exist still more possible forms, than on Pt. For CO
on metals the spectroscopical investigations of Eistens and others 14) indi-
cate the possibility of several forms of chemosorption without and a disso-
ciation. Besides that, the possibility of carbidising Me and of other react-
jons must be taken in account. Unfortunately the study of independent and

- combined chemisorption of CO and Hp cannot alone give a clue to the spe-
cificity of these processes, because their direction and the composition of
their products depend upon the following steps.

. Of great principal importance was the pioneering work of Cummer and
‘Emmett 15). In their experiments, adding alcohols, marked with C14, to.
the CO + Ha - mixture, they found that carbon from the alcohol entered in
products of synthesis. The molecular radioactivity (@), appearing in al-

" kanes of different molecular weights, was constant. This result, obtained
on Fe-:catalysts, was considered by the authors as an indication, that the
reactions are initiated by the alcohol or by a surface radical, formed from

~ the alcohol. At the same time it was considered as a confirmation of the

‘ . Storch and others 16) dehydration-condensation mechanism of the carbon

' - chain growth. In our investigations the data 17) on the constance of the mo-

‘ | lar radioactivity of products were confirmed also for syntheses in the pre-

. - sence of alcohols on a cobalt-thorium-catalyst. But at the same time it was
. shown, that a similar effect is observed with the introduction of marked
organic compounds of other functions, including olefins (fig.5). Under the
same conditions the participation of olefins in the initiation is higher, than
~ that of alcohols. Hence the assumption about the role of olefins or their di-
.- rect convertion products (for instance methylenes) in the initiation of the

. - methylene chain growth. Other authors later arrived at similar conclusions

for cobalt and iron catalysts. The results of a comparison of the distribu-

tion of radioactivity in products of reactions, initiated by ketene
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L H2C = C =0, marked with C14 in the methylene or the carbonyl groups on- '
ly 18) are very convincing.

/uCu. par mmol
k=i
1=

..% BaCO,

€
o
o

3

160 ¢

5o

comgs pev g«. per

A

o g

&
—3

I D . . = —

R B 3 20 .25
. . catbon numbez

Fxg 5. a) Molar ()] ‘and specific {ID) radioactivity of hydrocarbons
. in the hydropolymerisation of ethylene in the presence
; : of 2 at % of marked CO (8.6-uCu/mmol).
B : ~ b) Specific (Ilf) and molar (IV) radioactivity of hydrocarbons
i ‘ " in the synthesis from a CO + H, - mixture, containing
K} ~ 1.45 at % of marked C5Hy (12.5 p.Cu/mmol)

: Fig.6 shows that only for low atomic concentrations (~ 1%) of ethylene its
Fa role can be reducted to initiation. When its concentration is increased up to
several percents an increase of ay, with the molecular weight of product is
observed. In this casé ethylene participates also in the chain growth. Hence
:_ ' a natural passage to hydrocondensation and Eidus hydropolymerisation in
- Hg + C2H4 - mixtures containing additions of CO19). In this reaction the
major part of methylene groups of the carbon chain is supplied by ethylene,
go that, if the ethylene is marked, @, must increase 11nearly w1th molecular
weight.
Less clear is the r01e of CO in the hydropolymerlsatmn Be51des the -
; initiation, it can be a poisoning of harmful reactions - hydrogenation of eth-
) ylene, etc. At the hydropolymerisation of mixtures, containing 2% of
] marked CO, the specific radioactivity of hydrocarbons grows nearly line-
. arly_ (quadratic increase of am) and the prep'onderi.ng part of light hydrocar- -
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bons is formed without a participation of CO *.

30
. <
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E -~
~
%3 1208
3 L3 .
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-
225 %0 >
(]
5
L %)
150, 60
o7 30

[ y 6 3 10 2 o 8 i8

nr, catéon numier

Fig. 6. Molar () and specific (I) i-adioactivity of hydrocarbons in
the synthesis of hydrocarbons from a mixture of CO and
. Hg, containing 4.8 at % of marked CoHy (1.53 m Cu/mmol).

, The constant nature of @y, in conjunction with the non-participation of
marked Cp,H9,.9 in the synthesis confirms that in reactions of this group
chemisorption is followed by steps of 3 main types:

a) Formation of the active form (priming), able to start a carbon chain of a
hydrocarbons or alcohols: -

- b) Growth of the hydrocarbon chain, by means of a series of consecutive u-

niforms processes.
These processes proceed with the participation of CO and Hg.

) - ¢) Stopping of the single reaction, when the active form is converted ina
.molecule of the final product;

d) Removal of this molecule so that the active center gets free to repeat the
same step sequence.

The whole process of formation of every separate molecule with any
number of C proceeds without disengagement from the surface; according

_-to the fixed chains mechanism without "'relay-race” 17,21), Small and big -

molecules of the products of every homological series are formed indepen-

- dently. It is striking, that even additions, which participate strongly at the
" - initiation, do not change considerably the velocity of the total process or the

... % There is in this question a certain discrepancy in the data of Gibson et al. 20), who
o _found & linear increase of e~
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coxnpomton of the products. This shows, that even in synthesis reactions
without additions, the initiation phase, including the formation of the pri-
ming of a chain, able to grow and firmly bond on to the surface is short.

The participation of additions at the initiation can be used as a relative mea-
sure of the probability of the priming formation. Assuming the mechanism
of fixed chains, it seems natural to consider the priming (in the kinetic re-
spect) as a whole with its active center. The surface is probably hetero-
genous relative to these centers in respect to the strength of the bond with
the priming and the ability of chain growth. This can be an additional factor,
defining the chemical and molecular composition of the products.

- Every center must consist of several atoms, because during the pro-
__longed exclusion of atoms, bonded with the priming; there must be available
; sites of an other type for the chemisorption of CO and Hg, (which take part
. in the growth), and perhaps also for the slipping down of the product and

4 the "'step over", postulated by some authors.
L Considering detailed atomic models, we show here one of the possible
" schemes of the process prematurely.
Let us design active sites, on which the growing chain is fixed, with
S, and the other sites, participating at the process, with S. 3 Jcan differ
) from S by its structure and by content of modifying additons. S can be me-
s tallic atoms, adjoining to dislocations or to microcrystalls of ThOg. The
growing chain priming can get fixed at the surface, as a result of the direct
" bonding of the active part of the molecule with bare Me-atoms. Our experi-
" ments with olefins, the experiments of Emmett with ketene 18) lead to the
assumption, that the priming consistg of a radical, not containing oxygen.
In scheme 2 it is supposed that it is S-CH2, - some sort of simplest sur-
 face carbonium - ion. The chain grows by the following steps II{-II7. Some
indications-of the character of the limiting step are given in the work of
- Sakkaroff and Dokukina 22). For the reaction of CO they gotaj (Hg, Do) =
0.77. The value: aj <1 excludes every diffusion control as well as the con-
trol through hydrogen adsorption and hydrocarbon desorption. This speaks
also against any step, in which the transition state is formed under parti-
cipation of free hydrogen molecules. qaobtamed aj-values, in conjunction
with the Kinetic equation of the process 2 ) w = ({Ha})/ (l+b[H20] [coh
] shows that one of the steps of formatlon of additional methylene groups must
0 " be the limiting step. In this step; hydrogen and CO in the adsorbed state
must both participate in this step. Data, obtained in our laboratory on cl4
distribution in hydrocarbons from the marked surface carbide, ‘may also be
mentioned here. This distribution is identical to the C14 - distribution from
marked CO or CO9. Consequently, we must exclude a direct participation
of carbidic carbon at the initiation and at the growth.

-)'

§

2w

~

4, DEHYDROGENATION IN THE CHROMATOGRAPHIC METHOD. RADIOCHROMA -
TOGRAPHY
The combination of the fast and fine chromatographlc analysis of com-
~ plex mixtures and performing the reactions in the separating chromatogra-
_ph_xc columns 24) s very appropmate for the investigation of complex pro-
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‘ : Scheme II
1. Formation of priming
| a)\§ CHo 1 5 . CH3 5« +
‘ L+ - ' | 25— CH,
-8 CHy § CHj
b)~8 cHy ) § _ CHy §-cHy , 35— cHy
' |+ = 5 ! ~ | — | +CO
. § Co S co  8S-—Co S
L. Chain growth I . ' -
4 . ¥ ]
8—cH, 3_CHy §—én, - §C%H2 . 5 c— ¢u,
2 '
| Newo —2| 60 2o 0 A
) s .  s8—C=0 8 s .8 ‘
7
§- CoH- CHs 2Hads§ CH CH3, + H20 5

3 mads

1. Ruin of pﬁming and break of the chain
+
a) 8—CHy + 2Haqs — >~ S + CHg

+ .
'b) §— CH—Ry, + 2Hagg —2. § + CyHgy,o

+" ¢ bond in the surface r-complex.

cesses and catalysts. The efficiency of these methods is increased even
. - more when the radiochromatographic technique is used to investigate simul-
’- " ‘taneously the isotopic mark distribution in the reaction products 25), The
8 scheme .of the apparatus used in such studies is shown on fig.7.
e When the pulse passes through the reactor - a more or less total separation
e ’ of all components of the reaction mixture (initial substance, products, cata-
, ~ lytic poisons etc.) occurs during the reaction. The kinetic conditions get
. - therefore much simpler. There arises a possibility for a fast study of such
. peculiarities of the processes and catalysts, which remain unrevealed when
‘ o ' the reaction is performed in another regime. The theory of the chromato-
‘ . - graphic regime was explained in several publications 26). we mention here
A - -some illustrations of its reality. On fig. 8 is shown an example of the possi-
bility of eliminating the inverse reaction (for dehydrogenisation of butilene).
Therefore an active platinum contacts the temperature of the beginning of a
noticeable process decreases considerably. The percentage and absolute
content of butadiene is much higher, than the highest possible without a se-
‘paration. Chromatographic analysis shows, that there are no side products
'in the out going gas. At the dehydrogenation on the same catalyst at its nor-
" mal working temperature (>4000C) the butadiene is soiled with cracking and
_ other side products.

In ﬁg 9 is shown a direct radlochromatographm verification of the ab-— '

- ~
- N
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Fig. 7. Combmed radlochromatographm apparatus for the investigation ) |
- of catalytic reactions mechanism. .
1 - preparative microreactor for the synthesis of individual com-
ponents; 2 - preparative chromatographic column: 3,4 - traps
with liquid nitrogen; 5,6, 7 - devise for the selectxon of chroma- -
tographically pure components; 8 - quartz reactor with catalyst: : -
9 - analytical chromatographic column; 10 - automatic dosator; -
11,12 - three-ways stopcock; 13, 14, 15 - four-ways-stopcocks;
" 16,17 - fine regulation valve; 18,19, 20, 21 - reometers; 22 - a
stream Geiger counter; 23, 24, 25 - gystem for registration and
‘writing down of radloactwrl-y 26 27 - self-recording device;

| _ Dj - ionisation detector Dy - heat conducthty detector (cata.ro-
. S meter)

- TR - . -
LR Y - . . . . e 3 o~
o

sence of an inverse process during the dehydrogenation of cyclohexane in
the pulse regime - on the same catalyst. To the initial cyclohexane was add-
ed benzene,. marked with cl4, 1n the outgoing cyclohexane radioactivity is
~ practically absent. Some other conclusion of the theory were also verified 27)
In the ideal case the chromatographic column eliminates the possibility of
side reactions between the separate products and the initial substance. It ,
. allows us to follow in detail the changes of selectivity in a series of catalysts
) " during their reaction. By means of radiochromatography additonal peculi-
’ arities of the mechanism of the complex conjugated process of divinyl for -
mation from alcohol (according to.Lebedeff) was defined. ‘Its main schemes

. were studied earher bg means of consecutive marking of all possible inter-
mediate products

',5 mscussmN e S LT "

Thanks to the new expenmental methods chemmal adsorpt10n réeceives
_ a concrete physical meaiing. Even in adsorption of simple diatomic mole-"
. : > cules on sunple catalysts there appea.r many surface forms with dxﬁerent

’
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Fig. 8. Temperature dependence of divinyl yield at different
gtream velocities ' :
1-wp=17 em3/min
. 2 - wy = 82 cm3/min
The dotted line corresponds to equilibria yields of
divinyl at hundred fold dilution.

106 50

-

- topography, electrical charge, nature of bond with catalyst etc. The use of
isotopic marks and kinetic isotopic effects o opens great possibilities for
the elucidation of the role played by each of these forms in catalysis. Re-
-sults of the isotopic studies often lead to a revision of seemingly firmly
established schemes. Biographical heterogeneity is one of the causes of the
appearance of the manifold forms and states of surface compounds, as well
as the parallel and independent formation of different stable products (in
alcohol decomposition, hydrocarbons oxidation ete.). '
The second source of different stable product formation is the dual and
more complex reactivity of intermediate products. A great role belongs in
" catalysis of complex reactions to the conjugation of surface processes: by
‘means of commune active intermediary products, transfer of electrons
through the solid and other collective mechanisms., Examples: mechanism
of divinyl synthesis from ethanol, precised by means of isotopes 28) and the
irreversible catalysis" of Zelinsky. The conjugation creates great possibi-
lities for performing difficult processes, withafine regulation of selectivity
and of the product structure. Isotopes help to reveal latent conjugations
and labile intermediates of catalysis. Examples: active associative com-
. plexes containing aldehydé and alcohol in the divinyl synthesis 28): interme-
- diate allyl radical with delocalised electrons in the catalytic propene oxi-
dation to acrolein, studied with locally marked carbon and hydrogen 29).
Isotopic methods are especially effective in the investigation of complex ca-
talytic processes, where other methods are difficult to apply. Results ob-
tained in biochemical studies also confirm this conclusion.
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Fig. 9. Ra.diochromatographic prove of the absence of an inverse nydrogenatnon

1 reaction. Pulse of cyclohexane and benzene mixture, marked with C14,
Reactor temperature 160°. Platinum catalyst.
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THE INFLUENCE OF SURFACE STRUCTURE OF
CrO3-Alp03 CATALYSTS ON TRE MECHANISM OF |
"REDOX CATALYTIC REACTION ’

L | | J.DEREN, J.HABER and J. SIECHOWSKI

Department of Surface Phenomena, Research Institute of Physical Chemistry,
y : . : Polish Academy of Sciences, Krakow, Poland
'} : and
" . .
3 Department of Physical Chemistry, Normal School, Katowice, Poland
¥ . ' .

Abstract: The aim of the present research was to investigate the mechanism of

; . processes taking place in the CrOg-AlgO3 system in the course of thermal treat- :

' ' ment, and their bearing upon the catalytic activity. Catalysts used were pre- %
pared by impregnation of (8 + »n) - AloOg with chromic acid solutions and subse-
quent calcination in air and in vacuum. The investigations comprised the meas-
urements of specific surface area, capillary structure, mean valence of chro-
mium ions as determined in air and in vacuum, and thermovolumetric analysis.
The decomposition of hydrogen peroxide has been chosen as the test reaction and

A - its kinetics and activation energy were studied. The results indicate that from

T " the catalytic point of view not only the concentration of Cr*® acceptor centers
but also their state of aggr gatlon is of great importance. They hint also to the

important role of crté */ Cr*” concentration ratio in the selectivity of chromia-
alum;na catalysts.

1. INTRODUCTION ' ‘ A i

The system consisting of chromium oxides supported on carriers has
1 - -been a subject of many investigations 1-6). Almost all of them however
" were carried out with catalysts, which previously were reduced with hy-
_ drogen or other reducing agents, whereas only a few dealt with the prob-
it .~ . lem of thermal decomposition of CrO3 supported on carriers.Although many
| - interesting conclusions have been drawn concerning the valence state of
chromium ions in chromium-oxide-on-carrier catalysts, the mechanism of
the decomposition of CrO3 supported on carriers and its relation to the
catalytic activity of the resulting catalyst is not yet clear. The aim of the
present research is to investigate the mechanism of the processes taking
place in the CrO3-Al303 system in the course of the thermal treatment, to
" determine the structure of the resulting catalyst and to find the correlation
" between the structure and the catalytic activity.

it

N 2. EXPERIMENTAL \ ' L L
2.1. Preparation ofcatalysts ' - S T e

- . The catalysts used in this study were obtamed by 1mpregnating an alu- -
" mina support with chromic acid solutions at 20°,
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The alurmna was prepared according to Fricke and Jockers 7) by amal-
" gamating an aluminium sheet (99.93% Al) with HgCl, and treating with re-
distilled water at 209C. The preparation was slowly dried at room tempera-
" ture. Its composition corresponded to the formula AlgO3--3.1H20 and X-ray
al powder diagram showed the diffraction lines of bayerite only. The prepara-
L . 7 tion was then calcined for 5 h at 1000°C. The resulting alumina was identified
by X-ray analysis as (8 + « )-Al9O3. Its density was about 3.7 g/cm3 and it
N ' contained 4.1% of water. (8 +«)-Al3O3 was used instead of y-AlgOjg in order
.~ ... toeliminate the possibility of further changes of the carrier on subsequent
¢ - .-_° -thermal treatment of the catalysts.
., The alumina was impregnated by contactmg it with chromlc acid solu-
| . tions for 4 h. By changing the concentration of chromic acid catalysts were
e - obfained with chromium concentration ranging from 0.065 to 8 wt %. Samples

were dried for 20 h at 45°C and then calcined for 5 h at 100-500°0C in air -
and in vacuum.

. 2.2. Determination of the oxidation state of chromium
The total amount of excess charges, corresponding to chromium ions
2 in the valence states higher than +3, was determined by the Bunsen-Rupp
method 8). A sample of approximately 0.1 g was placed in a specially de-
- signed flask connected with a second flask containing the KI solution. 30 ml
’ . of conc. HC1 was then added to the sample and the content boiled for 30 min.
=. - . .. - Theiodine evolved was titrated with 0.01 N thiosulfate.
o It had been found earlier by Matsunega 2) that chromia-alumina catalysts
“*_ - _of low chromium concentration get re-oxidised after exposing them to air
’ even at room temperature. Thus; the modified iodometric method as des-
- cribed elsewhere 9) was used in order to determine the amount of excess

. - . charges -which remain in the sample after the heat treatment in vacuum. It
L_,;; N enabled the analysis to be carried out directly after the heat treatment m

p oo T ,_; vacuum w1thout expomng the sample to air.

2 3 Thermovolumetmc analysis

JERS ... . The questmn may be raised as to whether the excess charges found by
ENERS __7 o " ¢hemical analys1s in samples calcined at hlgher temperatures are really
ot due. to the incomplete decomposition of CrOg or to the re-oxidation of

- st ... chrfomium ions, which might take place on cooling the sample after heat

treatment. In order to answer this question a series of thermovolumetric
L analyseés was carried out. The resuits are shown in fig. 1, whereon the
[ " amourit of oxygen evolved on heating samples to 5000C is plotted as the
R " function of chromium concentration. For comparison, the amount of active
JY oxygen found by chemical analysis in samples calcined at 5009, is also -
t X - given. The results are in good agreement within the experimental error
i e and it may be concluded that re-oxidation or chemisorption of oxygen on

- r"—_._"",«_; cooling does not contribute to a greater extent to the results of chemxcal
: analysis .

T
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I W - 2. 4 Sm'face area and ca;nllary structure
L‘ j_j‘ .~ .The evaluation of the surface area, the overall volume of pores and -
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heating a sample to 500°C,
® - minoles of active oxygen from
‘ . chemical analysis of samples
| ' annealed at 5000C.

/ TS |
)4
S //}'/ ot \
L E \
Ea‘ g wavghd per cend chromium .
* 4N
4 s | i AN\ 2l
l ) x YE:
P S48 g
5 'p12,34-567ar I,
weight par cent chromium ’ Bmperatre of amneaing*C
'-‘ Fig. 1. The results of the thermovolumet-" Fig. 2. The mean oxidation number of
t ric analysis. chromium ions as the function
I O - mmoles of oxygen evolved on of the temperature of calcination.
b

pore size distribution was carried out by measuring the adsorption of argon
at liquid nitrogen temperature. The specific surface area was calculated by
means of the BET equation. The overall volume of pores was estimated
from the amount of adsorption as p approaches pg. The desorption branches
“of argon adsorption-isotherms were used for the calculations of the pore
size distribution, carried out on the basis of the Kelvin equation.

2.5. Catalytic activily
" The decomposition of hydrogen peroxide has been chosen as the test
. reaction for comparison of the catalytic activity. The measurements of the
kinetics of catalytic decomposition of hydrogen peroxide have been carried
s ‘out in a way similar to that described previously 8). 10 mg of catalyst were
) used for each run. The experiments were carried out for 30 min at five dif-
B ferent temperatures between 20-40°C with each catalyst.
e The analysis of the experimental data has been carried out on the as-
© sumption that the decomposition of HpO3 isa first order process. As the
maximal conversion observed after 30 min never exceeded 0.05, it may be
‘ : assumed in the first approximation that the reaction runs at the constant
~ -concentration of HyOg. In such conditions the integration of the first order
equation gives: .
V= Vo + Rkt } ) N

where V represents the volume of oxygen evolved and V, - volume of oxygen
evolved to the moment, at which the time measurements started. In al ex-
periments the linear dependence of the volume of oxygen evolved on time
: has been observed in accordance with the above equation. The rate constants
-+ . have been computed from the slope of V versus ¢ plots. The proportionality
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of the rate constant to the amount of catalyst used has been taken as the
evidence that the measurements were carried out in the kinetic region of
the reaction. Additional experiments proved that the observed decomposi-
tion of hydrogen peroxide is a heterogeneous catalytic reaction and not a
reaction catalyzed by small amounts of chromium ions which might have
dissolved in the course of the measurement.

.

-~

3. RESULTS AND DISCUSSION y

According to the s:hase diagram of the system chromium-oxygen, con-
structed by Kubota 1 chromium anhydride is stable only at low tempera-
tures. At 220° it decomposes into lower chromium oxides and at 400-450°0
Crg0j3 is eventually formed. Essentially similar results were obtained by
Glemser et al.. 11}, although the nature and composition of the intermediate
oxides remain st111 disputable. Entirely different situation is found in the -
case of chromic anhydride supported on alumina. Fig. 2 shows the mean
oxidation number of chromium ions piotted as the function of the tempera-
ture of calcination for preparations of various chromium concentrations.
Preparations containing less than about 4% of chromium show a practically

' -constant +6 oxidation number up to about 200°9C. Then the oxidation number

. .. . decreases and at 300-400° attains the value of about +5, which remains

‘ . __ constant on further annealing at higher temperatures. In the case of pre-

| : parations with higher chromium concentrations the mean oxidation number

decreases continuously with the increasing temperature of calcination,

assuming a value between +3 and +4 for samples annealed at 500°. '
Such changes of the oxidation number clearly demonstrate the pronounc-

‘ed stabilizing influence of the carrier on the +5 valence state of chromium

ions. As suggested by Cossee and Van Reijen 4) the stabilization of the +5

Lo -valence state by alumina may be due to the crystal field effect. Such influence

: . may be exerted only when chromic anhydride is well dispersed on the surface

- of alumina. Infact, it may be concluded from further experiments that in

preparations containing low amount of chromium (< 4%) chromium oxide

occurs in the state of molecular dispersion or small crystal nuclei. When

; chromium oxide is present in thicker layers as it is the case in preparations

. _ containing higher amount of chromium (> 4%) this stabilizing influence is

" - relatively smaller and distinct phase of CryO3 is formed after calcination at

higher temperatures. It is interesting to note that the amount of excess
- . charges which.remain after annealing these preparations at higher tempera-
tures is practically independent of the concentration of chromium. They can
be, however, completely removed by heating the samples at 200° in vacuum.
) It seems that the residual excess charges are due to the surface oxidation of

W o the clumps of CrgO3 formed on the surface of the carrier. On increasing the
o - chromium concentration the clumps grow in thickness, their surface and the

amount of excess charges remaining unchanged.

- : -~ Fig..3 represents the dependence of the Specmc surface area on the

“concentration of chromium for samples annealed at various temperatures.

f
!
; . . - At.very low chromium coz_x_centration (< 1%)' the deposition of chromium oxide

. . . [ - N - .
- L . - "a . - _‘ - -
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Fig? 3. Specific surface area as the func- Fig. 4. Specific surface area as the fune-
tion of chromium concentration. tion of the temperature of calcin-
' ation. :

on the surface of alumina has practically no influence on its surface area,
independently of the temperature of calcination. On increasing the chromium
concentration the surface area of non-calcined samples decreases to about
30 m2/g for samples containing 8% of chromium. In the case of samples
which were previously calcined the surface area decreases on increasing

the concentration of chromium up to about 4% of chromium and then remains
at a constant level, independent of the concentration. This level is the higher
the higher is the temperature of calcination. This temperature dependence
of the surface are is cléarly visible from fig. 4, on which the surface area is
plotted as the function of the temperature of calcination for several samples
of various chromium concentrations. Inthe case of samples containing 0.8%
and 3.4% of chromium the surface area is independent of the temperature of

_ calcination, whereas it increases with rising of the calcination temperature

for samples containing 6.4% and 8.0% of chromium and attains a constant
value only at higher temperatures. -

- Thus, two characteristic concentrations of chromium on the surface of
our carrier may be distinguished - one of about 1% and the second of about
4%. At concentrations below 1% the surface area remains independent of the
concentration of chromium. In the range between 1% and 4% it decreases
with increasing chromium concentration, but is independent of the tempera-
ture of annealing. At still higher concentration of chromium the surface
area becomes independent of the concentration but depends on the temperature
of annealing. - : ' o o B -

Eischens and Selwood 1) carried out a detailed study of the magnetic
properties'of chromia-alumina catalysts and concluded that at low concen-
tration of chromium chromia occurs on the surface of alumina in the form
of small crystal nuclei which are, on average, three layers thick. In the .
higher concentration range these crystal nuclei tend to grow and thicken,
whereas they shrink as the concentration of chromium decreases and, at the
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limit, chromium ions may be in two dimensional atomic dispersion. Kazansky
et al. 3) also concluded from the results of EPR measurements that chromia
is spred on the surface of alumima in form of thin plate-like crystallites.
These ideas may be taken as the basis also for the interpretation of our re-
sults. It seems that at concentrations lower than 1% chromium ions occur
in the state of atomic dispersion. In the region of about 1% the formation of
crystal nuclei of CrOj begins, these being few layers thick as suggested by
Eischens and Selwood. The region between 1-4% would correspond to the
increase in the number of such crystal nuclei. They plug more and more
small capillaries and the surface area decreases. At the concentration of
about 4% all centers of nucleation are probably covered with crystal nuclei
of CrOg and the latter begins to grow thick. The growth of crystal nuclei of
CrOg may cause even larger capillaries to be plugged, what is reflected in
further decrease of the surface area of non-caicined samples, On annealing,
however, crystallites of CrO3 decompose into Cr03 and these larger capil-
laries are re-opened. Thus, the surface area of calcined samples remains
constant at concentrations higher than 4%. This model is consistent with the
above mentioned results showing that at concentrations lower‘than about 4%
of chromium chromium ions are stabilized by the carrier at the +5 oxidation
state, whereas at its higher concentration Cr203 is formed on the surface in
the course of calcination.
The analysis of the capillary structure of CrO3-Al903 catalysts lends
. further support to the above presented model. Fig. 5 represents the volume

~
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» w‘i—! .’/ - ] } 1 . = ¥
PLE N 0 @ . & 1 2 3 4 5 8 7 2
SR . r.A . ) weight per ant chromium
e " -'Fig. 5. The volume of caplllarles as the  Fig. 6. Specific rate constant of hydrogen
: function of the capillary radius. peroxide decomposition as the
o T .  Curvel-pure AlgO3; curve I - * function of chromium concentra-
: : 1.74% Cr, non-calcined; curve I ' tion. Temperature of the reaction
"~ 8% Cr, calcined at 5000C; curve 30°C.,

... IV - 6.4% Cr, non-calcined; curve
A 8% cr, non-calcined.

o P  of the space w1th1n caplllanes as the functlon of pore radius for several
. . - catalysts of various composition. It was calculated from the desorption
L S ‘branches of the hystere51s loops by applying the Kelvin equation

-
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lnpo = IRT

cos B

and assuming that § = 900, The value for the surface tension of argon at
-194° used in these calculations was 14.9 dynes/cm and the density value of
the liquefied gas was 1.42 12).

From the saturation value of the adsorption as p approaches pg one can
estimate the volume of gas, necessary to fill the capillaries on condensation
to liquid and thus calculate the total volume of the space within capillaries.

, The results of these calculations are summarized in column 4 of table 1.
. : Table 1 - ’
Calculations of pore volume and pore radius from adsorption isotherms.
' Chromium | TePPer™ | gpocific Adsorption | ,iorage
. N ature of caled as
concentra- . surfage pore
calcina~ ; volume of X
tion ti area d radius
wt% ion m2 /g liquid per
oc | gram cm
1 2 3 4 5
. pure .
\ ‘ . Al303 0 82.6 0.226 54.8
1.74 ¢ 81.1 0.224 55.2
. _ 6.40 0 493 . 0.139 58.1
' 6.40 - 500 67.1 0.195 56.4
8.00 -0 28.4 0.088 62.0
8.00 500 67.5 0.195 57.8

Assuming in the first approximation the tube-like shape of the capillaries
‘one is able to calculate the average radius of the capillary, which equals 2
times the volume-to-surface ratio. The values of 7 so obtained are given in
column 5 of table 1.
The curves represented in fig. 5 clearly indicate that CrOj deposited
i, on the surface of alumina plugs at first small capillaries. As its amount
increases, capillaries of greater and greater radii are closed and in the
preparation, containing 8% of chromium large capillaries dominate. On
annealing such samples at 5000 larger capillaries re-open and the surface
, area increases. These processes reflect in the changes of the average
radius (cf. table 1) which increases on increasing chromium concentration
in the non-calcined samples, and decreases when a sample of high chromium
. ..concentration is calcined at hightemperature.
_ We would like here to point out that differentiation of curves represent-
. ed in fig. 5 leads to the conclusion that greatest values should be ascribed
to capillaries whose radius amounts to 12-15 A, This is in sharp disagree-
ment with the value of the order of 50 A, calculated from the volume-to-
surface ratio. The-latter value was however computed on the assumption
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that capillaries have the tube-like shape. The discrepancy would be. obvious
if the capillaries have large bodies but narrow outlets as visualized in the
bottle-neck theory of McBain 13). It must be however emphasized that what-
ever is the absolute value of the pore radius it does not bear upon the valid-
B ity of conclusions concerning the changes of the pore radius distribution on
| depositing CrO3. _
Fig. 6 shows the rate constant of the hydrogen peroxide decomposition,
_calculated per gram of chromium (for simplicity it will be called specific
rate constant) plotted as the function of the concentration of chromium for
samples annealed at various temperatures. Samples non-calcined and cal-
» - cined below the temperature, at which considerable decomposition of CrOg
- : begins, differ in their catalytic behaviour from samples calcined at higher
. ‘ temperatures. At first the specific rate constant remains practically con-
. stant, decreases sharply at concentrations higher than about 1% and then
' passes through a maximum at the concentration of about 4%. These two in-
flection points correspond to the above mentioned two characteristic con-
. centrations of chromium, at which the state of aggregation of CrOj3 changes.
It has been found in our previous research 8) that the rate constant of hy-
z - drogen peroxide decomposition on chromia catalysts may be related to the
concentration of Cr+6 ions acting as acceptor centers. It must be emphasized
that here the concentration of Cr+b ions remains practically constant, so
that in the case of CrO3-Alp03 catalysts there is no direct proportionality
between the rate constant and the concentration of Cr*8 ions in contradiction
to the results of Matsunaga 2). The origin of the changes of specific rate
constant must be looked for rather in the changes of the state of aggregation
of CrO3. At concentrations lower than about 1% chromium jons occur in the
‘state of atomic dispersion. Each chromium ion may act as an active center
- of the reaction. Although their concentration changes and so does the ahsolute
activity (cf. fig. 7) the rate constant per gram chromium remains practically
- constant. At the concentration of about 1% crystal nuclei begin to form. The
absolute activity remdins now constant but the specific rate constant sharply
. - decreases. It seems more difficult to explain the increase of the absolute
o activity and of the specific rate constant in the range of 1.5-4% of chromium,
Absolute activity may rise because more and more of the surface is covered
by crystallites of CrO3. To account for the increase of specific rate constant
, _the assumption must be made that the activity of Cr*6 acceptor centers in-
. : creases. This conclusion is supported by the decrease of the activation
' energy of the reaction, beginning at about 1.5%, as shown in fig. 8. The
reason of the decrease of activation energy however is not yet clear. At
the concentration of about 4% the crystallites begin to grow thickey. The
absolute activity attains a constant level, whereas the specific rate con-
" stant decreases. The decrease of the activation energy may be compensated
, % 7 . _ ' by the decrease of the surface area of CrOj accessible to the reactants, due
. ..~ " _ to the closing of larger capillaries by growing CrO3 crystallites.
\ .. Inthe case of samples annealed at higher temperatures the plots of
o ...t . specific rate constant versus concentration show at first a similar pattern
’ ‘. - .- _tothat observed with samples annealed at low temperatures. At concentra-
. tions higher than about 1.5% the specific rate constant assumes a low value,
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practmally mdependent of the concentratlon As d1scussed above (cf fig. 2)
CrOj3 decomposes at higher temperatures into lower chromium oxides. Ap-
parently chromium ions of lower valency are inactive in hydrogen peroxide
decomposition. Certain amount of Cr*6 jons appear however on the surface
of the crystallites as the result of the surface oxidation and act as active
centers of the reaction. It is interesting to mention that the activation energy
of about 17 kcal per mole observed for these catalysts is the same as that :
found for CrqOj catalysts 8), : S :
. " Topchiev et al. 6) investigated the behaviour of chromia-alumina cat-
- alysts in'the polymerization of ethylene and concluded that Gr+9 ions are
responsible for the catalytic activity. Their catalysts correspond to the }
range of chromium concentration, wherein the catalysts show only a low
. activity in l})ydrogen peroxide decomp051t1on This indicates to the important
- . role of-Cr* /Cr*? concentration ratio in the selectivity of chromia-alumina
catalysts. This problem will be discussed in more detail after completing
the investigation of the activity of our catalysts in dehydrogenation of cyclo- ’

hexane together with measurements of magnetic properties and EPR spectra
which are now bemg stud1ed
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. . - . ‘REGULARITIES OF CATALYSIS
e T T " © ON CHELATE POLYMERS
pE AR ‘ o . "N.P.KEIER . : ]
' :, o e = . Institute of Catalysis, Novosibirsk, USSR
B Abstract: An investigation was made of the catalytic activity of chelate poly-
- mers differing in the ligand. The chelate polymers of transition metals were
.  shown to posses a high catalytic activity, which changes by some orders de-
. pending on the chemical nature of the ligand bound with the metal (the donor
N ". atoms bound directly with the metal in the chelate group and the organic redical
g , in the polymer chain). It was shown that the influence of the ligand on the catal-
~ . ytic activity is related to the change of the electronic state of the metal. No re-
b . lation was found between catalytic properties and bulk electrical properties of
Y L ~ chelate polymers. 3 -
f~ ..z .1, NTRODUCTION | T
L .. Until recently a narrow range of inorganic substances as heteroge-
‘h S _neous catalyst were studied: such as metals, oxides and sulfides of metals.
S “'7* Only in the past years, in connection with the development of the electronic
.7/~ - théory of catalysis, began the study of organic polymers possessing semi-
- 30 conductor properties (polyacrylonitrill and other) 1,2), ,
¥ ™. --".  The Synthesis of chelate polymers is one of the new trends in the pre-
N S paration of golgrmer materials with a set of specific chemical and physical
©{>.r .. properties. ,4). These substances have a high chemical and thermal sta-
:j."g-' .~ ._ bility, their conductivity varies over a wide range depending on their com-
* . . position ). The presence of the metal bound with the donor atoms in the
L.¢ - & chelate group of the polymer with coordinate bonds makes these substances
"+ _ of particular interest for investigating their catalytic properties. In the

O LB “.- same way the metal is bound with active groups of protein in enzymes of
> e .oxidation - reduction type. The search for new types of heterogeneous cata-
S ' =, lysts intermediate between inorganic catalysts and enzymes led us to the
-~ 'study of the catalytic activity of chelate polymers. The first results ob-
-~ -~ tained by us proved that the use of these substances as heterogeneous cata-
..-% .7 lysts might be very promising. o
*. 2. CATALYTIC PROPERTIES OF CHELATE POLYMERS

[ o N n e e et

- ik -t

N R T ;_-_‘i‘fwé undertook an investigation of the catalytic activity of chelate poly- "~
;feo2.0 o mers which have a doubly charged metal ion in the chelate group. Their' -
LT _-;--_'g‘ex__xe'ral.' structure may be ;-epresented by the following formula:

, .
P b
BT ee L,:.r. PO B
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were A1 and Ap are the donor atoms entering into the composition of the
Q;L R- L<A2) A small number of ele-
ments may be used as donor atoms: oxygen, sulphur, nitrogen and their
combinations. We studied the catalytic properties of chelate polymers pre-
sented in table 1, polychelates of various metals: copper, nickel, cobalt,
iron, manganese, zinc and cadmium, were used.

Tablel -
The list of the chelate polymers studied.

chelateforming compound (ligard

- An investigation was carried out of the decomposition of hydrazine in the

Symbol "The organic combination Symbol The organi¢ combination
chelate from which the chelate chelate from which the chelate
polymer polymer was synthesed polymer polymer was synthesed
I(R)Me bis-di-tia sodium 3b(r)Me | Shiff's bases ofdiacetyl-
carbamate resorcin
25(Rir)Me bis-tia-amides-c-pi- 3e(r)Me Shiff's bases of 55 dia-
colin and 2,6-lutidin. sodiphenyl bis salicyl-
- ic aldehyde
2b(R)Me .| poly44'-bisa tia-amides 4aMe 5,5-methylene bis sali-
' 2,6-lutidin cylic aldehyde
2cMe rubeanic acid 4bMe dinitroresorcin -
" 3a(r)Me | Shiff's bases of 55'me- 4cMe trinitroresorcin
. : " thylene bis salicylic
- aldehyde

gaseous phase; this reaction gives the possibility of tracing the change in
the catalytic activity of the various polychelates and their influence on the
selectivity of the process because the decomposmon may proceed in two
ways.

\NH3 + Ny (3NgHy - 4NHg +Ny)

The deoompositon reaction of hydrogen peroxide was investigated in the li-

- quid phase. This reaction was of interest as it served as model for the ac-

tion of the enzyme of catalase.
2.1 Decamposu‘wn of hydrazme
’ The investigation of chelate polymers of identical chemical composition
and structure differing only in the metal atom of the chelategroup showed that
the qatajlyt_lc activity is determined primarily by the metal atom of the

m 6 . _
group /. coL ' . oo -

-

-

.
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All zinc and cadmium polychelates were catalytically inactive. The ac-
tivity of polychelates of copper, nickel, iron and cobalt depended on the li-
gand bound with the metal in the polymer and varied over a wide range from

! : zero upwards. Besides, for the group of polymers 2a(R, r)Me the catalytic

\ activity was investigated before the-introduction of the metal. There was no
', catalytic activity. For hydrazine decomposition it was shown that the cata-
} : lytic activity and selectivity of the catalytic action was determined for poly-

. chelates of a given metal by the nature of donor atoms bound with the metal
of the chelate group 11,12} The nature of the organic radical in the poly-
. mer chain exercised a decisive influence on the catalytic properties of the
polymer. ' ) .

o On all catalytically active polychelates hydrazine decomposition starts
with its irreversible chemisorption. Hydrazine desorption proceeds only
with its decompositon to the products of the reaction. For polychelates,
which provide hydrazine decomposition to ammonia and nitrogen chemical,
adsorption of ammonia is observed. For the polychelate I(R3)Co chemisorp-
tion of ammonia is more than 50% coverage, calculated on the metal located
in the chelate groups on the surface, considering that one.center adsorbs
one molecule. This ammonia is strongly chemisorbed and is removed only
partially by evacuation at 110°C. The decomposition reaction of hydrazine
is stopped by adsorbed ammonia, which shows that hydrazine adsorption
and its decomposition occur at the same centers where there is strong ad-

- sorption of ammonia. Outgassing occurring at 130° restores the activity
of the sample in the decomposition reaction of hydrazine. The reaction pro-

* ceeds almost to 100% in the direction of the formation of ammonia.

2.2. Decomposition of hydrogen peroxide : S
Many polychelates had a high catalytic activity in this process. There

was observed partial dissolving of some polychelates, undissolved in water,

during the reaction apparently under the influence of hydrogen peroxide.

: For the elucidation of regularities of the heterogeneous reaction in

' these cases the rates of heterogeneous and homogenecus reactions were
determined separately. Many polychelates could not be dissolved and be-
haved in a process only as heterogenous catalysts. The non-radical -chain

. nature of hydrogen peroxide decomposition was established by means of
adding the strongest inhibitor of the chain process of hydrogen peroxide
decomposition-phenol-into the reaction solution. According to the literature
data phenol in 0.01 mol/1 concentration inhibits the process of hydrogen
peroxide decomposition completely 15), ror some of the most catalytically
active catalysts the control showed the absence of inhibition of hydrogen per-
oxide decomposition after adding phenol in the 0.022 mol/l concentration and
higher ones. The influence of phenol in the concentration of 0.0245 mol/1 on
the rate of the process was also tested at high pH equal to 11.8 in the sam-
ples 4bCu, I(R3)Cu, I(R3)Co when the rate of heterogenous process of hy- -

C * drogen peroxide decomposition reaches 103 mole/seccentr. In this case,

. " - also the addition of phenol did not influence the decomposition rate showing

" the absence of the participation of the radical-chain mechanism of the de-

X composition in the process of heterogenous catalytic dissociation of hydro-

—- - g -
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gen peroxide on the polychelates of copper and cobalt. For reactions of hy-
drogen peroxide decomposition in the presence of polychelates of various
metals bound with various ligands 3 main dependences, similar to those
found out earlier for hydrazine decompositing, were elucidated:
~ 1) The catalytic activity is defined by the metal entering into the chelate
" group. The activity of polychelates of a definite metal depends on the che-
mical composition of the ligand bound with it: : o
2) Atoms of ligands directly bound with the metal in the chelate group.
. . 3) The organic radical entering into the main or side chain of the polymer.
. : The study of the dependence of the rate of hydrogen peroxide decom-
' position on the concentration of peroxide-and the pH of solution has showed
| o that various polychelates behave differently. For exampie, for polymer
‘ s 3a(r,)Cu the order close to the first was found for the dependence of the rate
_ on the concentrations of hydrogen peroxide. (see equations 1). For the sam-
~ . . - ple4bCuand I(R9)Cu the dependence of the decomposition rate on the con-
T " centration of hydrogen peroxide corresponded to the second order (of equa-
tions 2) ' o
1. W =K1 [HgOz]l‘2
; 2. W = Ky [H09]? S
. o By the nature of the influence of the pH of the solution on the rate of
. * " hydrogen peroxide decomposition one can judge the stage mechanism of hy-
.. drogen peroxide decomposition. In fig.1 the dependence is given of the de-
_ composition rate on pH of the solution for the polychelates studied. In the
o . -presence of the polychelate 4bCu the decomposition rate increases linearly
L with the increase in pH from 1 to 9. For the polymer 3a(r,)Cu the depen-
i = _-. - dence on pH has maximum. in the region pH equal to 4-6. The increase of
-+ 577 the decomposition rate with the increase of pH medium indicates the parti-
.- "cipation of dissociation ions HOO™ in the reaction. 'The participation of HOO~
;.7 ions in homogeneous catalytic process of hydrogen peroxide decomposition
oo _~"-'was postulated by many authors, in particular, by Nikolaev for hydrogen
: ' . peroxide decomposition of copper ammonium 16). When investigating hydro-
b . ~.. gen peroxide decomposition in the presence of iron.ions in the solution, the
S . - intermediate complexes of iron ions with ion HOO- were observed by spec-
T ' troscopic methods 17,18), .' E -
.Y~ .17 :  The mechanism of heterogenous decomposition of hydrogen peroxide in
“. 4. -.--. the presence of polychelates may be presented by the following steps 16,18),

~ L

b}

fos

.. 1, HgOg = H* + HOO"
St 7 7T+ 2.1+ HOO™ = [I1HOO"]

o . .. .. . 3 [MHOO"]+H02 ~H20+O02+OH" +1I

LY.t .74, OHT + HY = H,y0 '

el T _~'Assuming that equillibrium value of chemisorption on the polymer ca- p
' < . 7 talyst surface is in conformity with the equilibrium- isotherm of Lengmuir
- .. = for the equilibrium concentration of adsorbed ion OOH" on the surface, we.
i i N -'-f:f'_get.the equation:- . T ' i : B

e i STy Uh L e T et e T
IR - T e W h i e CE o Lo T . -
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b[HOO™]
oV

I _— 7 3
[OOK] = T+b[HOO"] @
we suppose that we may neglect adsorption of H9O and OH™ compared with
the adsorption of the ion (HOO") in the presence of measurable concentra-
tions of HOO™ ions. If the adsorption of HOO™ ions is great and reaches
saturation then the equation of equilibrium adsorption takes the form:

(1OOH"] = ¥y, @

since the value in b[HOO~ ] >1 V,,- the value corresponding to coverage

of all adsorption centres on the surface and equal to the number of chelate
groups with a metal on the polymer surface is designated by us Ngpe. In
this case the rate of the decomposition reaction is defined by the third stage

of interaction of a surface sample thh hydrogen per0x1de molecule according
to the equatxon

7 W= KB sme [H202] . o (3)
In the region where adsorption is small b{HOO"] <1
| _ [IHOO"] = Vp, b{HOO] . (4)
In this case, the equatlon for hydrOgen peroxide decomposmon is
' d[Hy0,]
mdt —= = K3Nsmeb[H00 ][HzOg] (5)
substituti L
TE Kgigs(H02]
(E*]
we get the equation for the decomposition rate

. [HOO} =

- K'[H30]

W = K3 Ngme bK'[H209]2 = Kg[H202]2 . (6)

From the equations 3 and 6 we have the kinetic equation for hydrogen per-
oxide decomposition 3' and §'

In[H202]t = K3¢ + InCo - (3
oy 1 1. ,
Co = [Hg02ls-0 TH302] = K6! * &5 - (6")

The course of the reaction measured in the process of hydrogen peroxide
decomposition by the volume of liberated oxygen on the samples 3a(r,)Cu
and 4bCU as it is seen from figs. 2 and 3 corresponds to the equation

(3' and 6"). For the sample 4bCu where there is the first order of depen-
dence of the reaction rate on the concentration of hydrogen peroxide due to
strong adsorption of HOO- ion the dependence of the reaction rate on the

pH medium is weak. The reaction rate, in this case, is defined by the stage
of interaction of intermediate complex with hydrogen peroxide. Apparently,
in this case too the mechanism is the same from which we may judge by the

- dependence of the decomposition rate pH within the ranges pH below 5. Some
“decrease in the rate in the region above 6 may be associated with the de-

crease in the concentratlon of non-dissociated hydrogen peroxlde the in-
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teraction which defines the reaction rate in accordance with eq. 3.

T

§ # 89% 5§ 9 % % G 3

S U T T T T T R T
_Fig. 1. Rate dependence of heterogeneous decomposition of
, hydrogen peroxide on pH solutions of the samples:

1. 4bCu - 2, 3a(rpCu
_ - T =60° [HzOz}o = 3.3 mol/1
N - | -
HaUz .

- '“‘
23
e &-
"
.

4 3 17 72 77 P % 7 me

Fig. 2. Kinetics of hydrogen peroxide decomposition for the
polymer 3a(ri)Cu according to eq. (3)
T.= 60° log (H202]; = kt + log Co; [H202]g = Co = 4.7 mol/1

s~ ey W VR
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For the sample 4bCu the increase of reaction rate with an increase in
pH in the whole region investigated shows the absence of saturation of ad-
_.sorption for HOO-ion, adsorptmn of which defines apparently, the reaction
rate. ’

‘Evidently the rate of the 3d stage of interaction of intermediate adsorp-
tion complex with the molecule HyO9 proceeds fast in this case and doesn't
define the rate of the process. The process of decomposition as a whole on -

A0 . this polymer proceeds with a higher rate.
= It should be noted that catalytically inactive samples remained inactive
«  evenat high pH. Apparently, adsorption of OOH™ion on the metal of the che-

late group was absent in this case.

It is of interest to trace the activity of chelate polymers of various me-
tals in this reaction. The most active catalysts were copper polychelates
which in accordance with the composition of ‘donor atoms in the chelate
group yield the series Cu2(00)> Cu2(NS) > Cu2(NO) > Cu(SS).

GHOTe |

T IR S AR R ¢ - ® tmin
et D g 3. Kinetics of the process of hydrogen peroxide decomposition
;s ' R ior the polychelate 4bCu according to eq. (6)

“ . ) - 1
S0 S ) =kt + T = 600
= . B . [H202]t Co

. - (HgOglo =Co =4.T mol/l -

- . -

(HaOgl; = mol/l X 10™2

* Then iron polychelates being the next Fe2(NO) > Fe2(00) and the polyche-
lates Fe2(NS) are inactive.. Among cobalt polychelates Co2(SS) > Co2(NS) are
active, nickel polychelates are active only inthe structure. Ni2(OO). Nickel
- polychelates in the structures Ni2(NO) and Ni2(NS) and Ni2(SS) - are catali-
tically inactive. More active polychelates of various metals yxeld the series

- Cu2(00)> Fe2(NO)> Co02(SS) ~Mn2(NO) > Ni2(00).

- . Various metals have the highest possible catalytic activity in the struc-

AR tures of polymers differing by donor atoms in the chelate group and organic

R '_ .radicals in main and side chains of the polymer.

~ RS - : i e - S -
- . - .

. Lo - ’ . . )
‘ ! ))"‘a
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3. DISCUSSION OF RESULTS

Comparison of catalytic activity of copper polychelates of different che-
mical composition and structure and catalytic activity of polychelates of
various metals with their electrical conductivity shows the absence of any
correlation between them. This fact prevents relating the mechanism of ca-
talytic effect of chelate polymers to the type of "semiconductor™ cataly-
sis 19-22) widely discussed in literature.

The latter is associated with chemisorption of the reacting substances
with the formation of bonds which are more ionic in character.

, . The non ionic nature of bonds of the chemisorbed molecule of hydrazine

i . with the metal in the chelate group of the polymer formed during hydrazine
, on the copper polychelates of the group 1(R)Cu is not accompanied by a consi-
- . derable change of resistance of the sample. Only in one case for the poly-
chelate 1{R5)Cu a weak decrease of resistance is revealed within the range
of 5% in comparison with the initial resistance of the sample, 107ohm. Ge-
nerally chemisorption accompanied by electron transfer leading to the for-
mation of an ionic bond of the sorbed molecule on contact with the oxide

. semiconductor causes a great change in the resistance value by 1-2 and

more orders. The increase or decrease proceeds according to the direction
of electron transfer and the type of conductivity of the semiconductor contact.-
A slight change of the resistance observed during hydrazine chemisorption
may be a second rate factor due to hydrazine chemisorption with the forma-
tion of coordination ore covalent bond. Strong influence of the ligand: donor

. atoms bound with the metal in the chelate group and the organic radical in

, . the polymer chain shows the dependence of the catalytic properties on the

Tl a electromc state of the metal.

B ' For experimental elucidation of this toplc the study of polychelates by

" physical methods was made. The magnetic properties of polychelates of the

" ... . .group 2a(Rijr)Cu were studied by the electron paramagnetic resonance (EPR)
.. methods and by the measurements of magnetic susceptibility. The X-ray
, _ - spectroscopy method was used as well. According to the data of Anufrienko
Vo~ a great change of band width in the EPR spectrum from 15 to 60 Oe is observ-

s . ed when investigating copper.polychelates of the structure 2a(Ryr)Cu differing

by the organic radical R in the main polymer chain. The change of the band

o o width justifies the influence of the organic radical on the intensity of elec-
' o tron exchange between copper ions possessing an unpaired electron located
S Yy " in the chelate groups of the polymer. In recently published investigation by

Eation, Josey, Phillips and Benson23) of nickel chelate complexes by the
_ ~ nuclear magnetic resonance method (NMR), the influence of the chemical
e T -+ composition of the organic radical on the transfer and distribution of elec-

i..+* . - .. trondensity of an unpaxred electron of nickel ion (spindensity) on the ligand
T e - ‘'was shown.
Ler L0 ‘Appearantly a smllar phenomenon occurs, to a greater extent, in che-

R late polymers with a change in the ligand: donor atoms in the chelate group
. and with a change in the organic radical. The first results obtained for the
« %, .- -influence of the organic radical on the EPR spectrum completely conhrm
e _"_ . tm.s supp031t10n »
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An investigation was made of the fine structure of X-ray k-absorp-
tion spectrum of copper in polychelates obtained on the base of sodium bis-
dithiocarbamate with the chelate group Cu(SS) by us. Polychelates contained
in the main chain of the polymer organic radicals of aliphatic or aromatic
composition were studied. As radicals of aliphatic species dimethyl (R2)
and hexamethylen (R3), and for aromatic species phenyl (R4) and diphenyl
(Rs) were used.

Replacement of the organic radmal in the chain of the polymer W1th
a constant composition of the surroundings immediate to the atom of copper
was found to change the X-ray k-absorption spectrum of copper in the che-
late group. Fig.4 gives the spectra measured for the above mentioned po- .
lychelates. For comparison, in the same figure the spectrum of metallic |

- ey .
Fig. 4. Comparison of the original region of the X~ray spectrum of

absorption of copper in metal and in polychelates of I(R)Cu
. structure with various organic radicals in the polymer chain.

copper is shown. Great differences in the intensity of X-ray k-absorption
edge in the initial and middle regions for polymers containing aliphatic and
aromatic radicals can be seen. The introduction of the aliphatic radicals Ry
and Rg causes intensification of absorption of copper in the chelate group in the
initial and middle region. The radicals of aromatic composition have an op-
posite effect, weakening the absorption of copper in the initial and middle
region. Moreover in both cases the point of bending on the curve of the ab-
sorption edge (which is usually identified with the Fermi level) is displaced
by 1.5 eV to the side of short waves in comparison with that of metallic cop-
per. Analogous displacement by 1.2 eV takes place for cuprous oxide contain-
ing copper with the charge Cu+. So the charge of copper in polychelates is
close to unity Cu+, which correlates with the data of the chemical analysis.
The curves of the k-absorption edge for the aromatic radicals R4 and -

Rg nearly coincide. For the aliphatic radicals, R2 and R3, some increase
- of the effect with the growth of chain length takes place. When the transition

-
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from the radical Rg to Ry takes place the intensity of the k-absorption edge
of copper increases slightly.
The initial long wave region of absorption according to modern concepts,
- appears when the transition of the electron in absorbing the atom into 3d,
4s, 4p free states, takes place.
Transition into 3d and 4s levels are forbidden by the selection rules.
For free atoms this causes the appearance of bands of very weak intensity
1 - . - differing by 2 or more orders compared with that of bands corresponding
; to the transitions allowed by the selection rules. In solids and molecules
T these selection rules become less strict, very often due to the presence of
. hybridization of electron states of various symmetry in the crystal field or
ligand-field (in the case of complexes). This leads to a comparative increase
, of the intensity of the initial region of X-ray k-absorption and the rise of de-
pendence of the structure of the X-ray k-absorption edge on the degree of
hybridization of wave functions of variable symmetry appearing in the pro-
cess of interatom interaction. Using these concepts for explaining the re-
sults obtained we arrive at the conclusion that the presence of organic ra-
dicals of aromatic composition R4 and Rg in the polymer chain leads to the
decrease of intensity of 1s electron transition into 4p states and for the ali-
phatic radicals R and Rg the intensity of this transition increases. Such a
result may be explained by the difference in the degree of hybridization 4s
| ' and 4p of electron states leading to the growth of absorption intensity in un-
- ‘occupied hybrid orbits in the case of aliphatic radicals. Another possible
explanation is that the change of radicals influences the 7 -bonds of the ligand
with hybrid Sp electron states of the metal, and that may also cause the
change of intensity of k-edge X-ray absorption.
e , However, in both cases, quite apart from the interpretation of the spec-
. trum, the electron state of the central copper ion in the chelate grOup
changes .
T The differences in effect of aromatic and aliphatic radicals in the poly-
. mer chain, the nature of interaction of copper with addendum atoms in the
_ - polychelates, as is clearly seen in the structure of X-ray k-absorption
e " spectra of copper, are all reflected in the change of the catalytical activity
B ’ of the above mentioned polychelates. For the decomposition of hydrazine
. s . © the radical affects the direction and velocity of the decomposition of hydra-
o - zine. = . :
- " . For polychelates with the aromatic radicals R4 and Rs in the polymer
« . ~- chain strong decomposition of hydrazine to hydrogen and nitrogen without
‘the formation of ammonia takes place. For polychelates with the radicals
Rg and Rg the decomposxtxon proceeds to 50 and 12% respectively W1th the
formation of ammonia.
' For the decomposition reaction of hydrogen peroxide the given prepara-
- -tions differ in activity too. Polychelates containing the aromatic radicals
R4 and R5 in the polymer chain have a specific catalytic activity which ex-
ce?ds the acthty of the polymer with the ahphatlc radical R9 by more than
an order. - -
- It is possible that the nature of hybridisation has an effect on the strength
: ,,' - - of the bond of intermediate adsorbing complex of the reactmg molecule on

e
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the coppexj centre. As intensive chemical adsorption of hydrazine is not ac- - | ‘
. . companied by the change of electrical conductivity it may be carried out as
a donor, coordination bond using unfilled hybrid orbitals of the copper centre.
The character of the bond of the complex with a reacting molecule must
.. effect the direction of decomposition- that is the selection of the process
) ~* and the rate of the reaction as well. For a more detailed elucidation of the

-I

observed correlations a further investigation is required.
Thus the data first obtained confirm the hypothesis made in 1961 that
the catalytic activity is defined by the electronic state of a metal in the che-

L late group depending on the donor atoms and the radicals in the polymer
S cham bound with it. -
]
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ELEMENTARY MECHANISM OF HETEROGENEOUS
'CATALYTIC POLYMERIZATION OF ETHYLENE OXIDE

- 0.V.KRYLOV, M.J.KUSHNEREV, Z.A.MARKOVA and E. A. FOKINA

Abstract: Polymerization of ethylene oxide on the surface of a number of solid
-t - oxides, hydroxides and carbonates has been studied, Catalysts having cations of
g - high €2/r value are most active, Compounds of Fe3+ are most active among

i transition metal compounds, The study of modification of the surface of AlpOg by

' different groups demonstrated that they affect mainly the value of ko but not the
activation energy of chain growth, Infrared spectroscopic study demonstrated
that during adsorption and polymerization of CoHyO the surface groups are not
‘ disturbed and no hydrogen bonds formed.

: From these and other data it has been assumed that surface unscreened cations
are active centres of polymerization, The number of active centres on AlsOg
and MgO-have been estimated from adsorption data and from molecular weight-

| measurements. Mechanism of the process is given, Initiation of the polymeriza-

g tion process takes place at the free valencies on the partly dehydrated catalyst

! - gurface. As the chain grows, monomer molecule forms a coordination bond with

the surface cation and after that enters the polymer chain, Chain termination is

.+ . : .. . more often due to the action of the substances containing the hydroxyl,

-
-~ -

.+ 1. INTRODUCTION . e :

) -Polymerization reaction of ethylene oxide on the surface of solid oxides,
- hydroxides and metal carbonates is one of the few polymerization reactions
_ ~ tresulting in the formation of polymers of a molecular of 10-4 - 10-7 weight
t+ °_ __ oncommon (noncomplex) catalysts. As modelling is rather simple in this
.. - case its study can furnish valuable data not only on the mechanism of
I - """ heterogeneous polymerization but on the nature of the catalytic surface of
“¥ - oxide and hydroxides. .
B , - High molecular polymers of ethylene oxide were originally obtained in
RS U ". thé research 1) when solid strontium carbonate was used as a catalyst.
e -~ - Since then Japanese scientists have carried out a 1ar%e number of experi-
1 ' ments with solid polymerization catalysts (see ref. 2) for example). The
authors of the present paper and Sinyak in a number of papers 3,4) have.
. proved that ethylene oxide polymerization can take place on a large number
- of various oxides, hydroxides and metal carbonates. The rate of polymeri-
s+ " zation on the most active of them, namely BeO, MgO, Fey03 at 90 - 100°
7" as nearly the same as that of reaction 1) on SrCOj, but unlike the latter
Tt o -7 these. oxides catalyzed the reactionto a considerable rate even at room
" .. ... : ‘temperature due to lower energy of activation (9-14 kcal/mole-1 iristead of
#0040 1020-22 keal/mole-1 for SrCO3).
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. mer activation takes place as a result of its linkage w1th the catalyst cation.
" Compounds of metals whose ions have higher value of e /r, namely Bel+,

S s EFFECT OF vamous SURFACE GROUPS ON CATALYTIC ACTIVITY '.\ TG

On decomposmg hydroxides and carbonates as for-example when con-"""
' vertmg Be(OH)y - BeO, MgCO3 - MgO catalytic activity increases con-
: tinuously The calculation 5) shows that the number of active polymerization

I STAT

2.' REGULARITIES IN THE CATALYTIC ACTIVITIES

Some available data on the mechanism of the reaction can be of value
when considering.regularities in the selection of catalysts: According to our
data the regularities in the selection can be explained by the fact.that mono-

Mg2+, Fed+, A13+ are most active. In the range of Be(OH)9, Mg(OH)g, :
Ca(OH)q, Sr(OH)z, Ba(OH)g, the rate of polymerization at low temperatures i
decreased due to the increase in the energy of activation of polymer chain '
growth and the decrease in the activity of unit centre. The same variations

~in the activity have been found in the range of BeO - BaO.

- Of considerable interest were the regularities in the activities of hy-

droxides.of transition metals (see fig. 1). The most active catalysts among

8

g v

" L0ggWioy Win Mot-ber .
” +

- WOL - W, G RO CDRMDL T4,
Fig..1. The change of specific catalytic activity ina -
: serles of meml hydroxldes of v penod

—

-

-- them were FeOOH Zr(Os) Th(OH) i.e., compounds of cat1ons w1th -

electronic states d and d°. Dowden and Wells 7) have noted that in a number

" " of redox reactions cation configurations d0, d3, d10 show very low catalytic
‘activity in the range of transition metal compounds They attributed that
- .fact to the absence of stabilization energy of the crystal field. In our case,

crystal field stabilization is likely to be a factor unfavourable for catalysis.
Structures a0 and d® as regards their activity in the redox reactions were

-in the same group as the non-transition metal compounds but were found

to-possess not minimum but maximum of catalytic activity. Manganous

- oxide of electronic structure d° exhibited, however, low activity. The stu-
- . - died sample obtained by decomposing MnCOj3 showed activation energy of

9.7 keal/mole-1 which was nearly equal to that of the most active catalysts,

" but its value for kg (~ 10 min- 1m-2) was very low.
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centres is approximately equal to the number of surface unscreened metal
ions, i.e., to the number of metal ions which become free from OH or COy
groups. .

The effect of modifying the surface of Alg03 by other groups on its cat-

alytic activity has also been studied. Reaction kinetics have been studied on
the basis of the catalyst overweight on the pan of MacBain quartz balance at
constant ethylene oxide pressure (from 2 to 100 mm Hg). Such techniques of b
studying kinetics avoids chain termination in the course of the polymeri-

o zation. Chain growth constant 2y does not differ much from the kg in the
e liquid-phase polymerization.
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| Fig, 2, Kinetic curves of ethylene oxide polymerizatioh
o (a) at 252, (b) at 78° on catalysts (1) Alp03, (2)
. ’ Alp03-HCl, (3) Al20g:BF3. :

Fig. 2 shows kinetic curves of adsorption (polymerization) of ethylene
oxide at 25°C (fig. 2a) and 78°C (fig. 2b) on the three samples of aluminium
oxide: (1) AlyOg activated in an air stream at 500°C for 10 hours with a
| surface of 180 m2,’ (2) The same AlyOg treated with HCI (0.6 millimoles
. per 1 g of catalyst) and (3) the same AlyOg treated with BF 3 at pressure of
f.' ..+ 15 mm for 20 minutes*. In the experiments shown in fig. 2 the pressure of
I ethylene oxide was kept constant and was equal to 10 mm. A study of the
pressure effect showed that the rate of reaction increases linearly with the
[ pressure increase up to 20 - 30 mm Hg (Henry region) and becomes inde-.
l-.‘;’ . . * The autliox:s are much obliged to prof, K,V, Topchieva and T, V. Antipina for furnish-
_ing these samples, . .
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pendent from pressure at 70 - 100 mm Hg. As stated in the research 5),
the decrease in the rate at the beginning of the process was due on the one
hand to the fact that the total rate of adsorption and polymerization was
measured first and on the other hand due to the formation of solid polymer

film on the catalyst. When the formation of that solid film is completed the
rate becomes constant at P = const.

?lh
i
a:b"
- i 8el
)

&o N .
- T §umsou.nsss¢xsusr
: Rectprocal of abisolide lempaluts,  xoeft

Fig, 3. The change of rate constant logarithm with reciprocal
temperature on (1) AlyO3, (2) AloO3-HCI, (3) Al,03-BFj.

Fig. 3 shows the dependance of the logarithm of rate constant of the
first order calculated for the first state of the process (when there is no
solid film) on the inverse temperature. From these data it has been cal-
culated (1) for Alp03-HC1 E1 = 11.3 keal/mole~1, gk, =3.8; (2) for
Alp03-HC1 E; ='11.9 keal/mole-1, 1g kg = 3.5; (3) for Al503'BF3 Ep = 11.6

- kcal/mole~ 1 lg By = 2.3. For the second stage of the process (diffusion
o =« .- through the fllm) the value Ej is 6.1; 7.3;.4.1 kcal/mole~ -1 respectively. It
. has been demonstrated 5) that the decrease of the activation energy during
Lo the formation of the solid film of the polymer was not caused by the conver-
sion into the diffusion region but by the decrease of equilibrium concentra-
tion of monomer over the catalyst. The difference E{ - Eg = 4 - 7.5 kcal/
mole-1 should be equal to the heat of solution of the monomer in polymer
_ . @g3. Measurement of temperature dependance of the solubility of the mono-
| . : mer in polymer produced Qg, being equal to 7 kilocalories per mole. :
When modifying Alg03 under the action of BFg, protonic acidity of the
catalyst 8] increases ‘owing to the formation of the surface compound
Al - OH : BF3. The mobility of the proton in the surface OH - group in-
creases in this compound. Proton-acid centres can be formed also when
HC1 acts on Alp03. From the data obtained by us it can be seen that the
- ehergy of activation of polymerization of ethylene oxide, when modifying
the surface of Alp03, does not change but the activity decreases owing to
the decrease in ko- Evidently, the proton-acid centres are not active )
L - . polymerization centres The decrease in activity noted, when treating the -
: . surface of Al9O5 with HC1 and BFg3, is due to the screening of active centres
,which is greater in the case of the larger molecule BFj.
k .~ . -7 -Fig. 4 shows kinetic curves for polymerization which was carried out
i - under similar conchtlons at 25°C and at ethylene oxide pressure of 10 mm Hg
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Fig. 4. Kinetic curves of ethylene oxide polymerization at 25° -
and 10 mm Hg on (1) Al303, (2) silica~alumina, (3)
silica gel, (4) methylated silica gel,

ey arr—— -ty
or .

on AlyOg (curve 1), silica-alumina {curve 2), silica gel (curve 3) and 3 -
methylated silica gel (curve 4). The latter sample was kindly furnished by
‘ - prof. LE.Neumark (the technique of its preparation is described in9). The
' quantity of the polymer formed has been calculated in all cases inper 1 m?2
of surface. From these data it will be seen that silica-alumina is somewhat
l less active than Al3Og3. Silica gel is much less active. Methylating of silica
. gel did not deteriorate its catalytic properties. Thus, these data indicate
that it is not the HO-group that is an active centre but rather the surface
| cation.
: . Molecular weight of a polymer is determined from the viscosity of
1 : aqueous solutions (see 5)). As practically there was no termination of the
" chain in the experiments on polymerization from the gaseous phase, these
experiments aliow us to determine the number of active centres by dividing
s - the weight of the polymer by its molecular weight. In polymerization on
o Al203 the number of active centres found in that way was equal in the ex-
periments at 0°C to 2.7 x 1014 cm-2, at 22°C to 3.9 x 1014 cm-2, at 50°C
to 1.5 X 1014 em-2, at 80°C to 1.7 x 1014 cm-2, on the average it equalled
about 2 X 1014 centres per 1 cm? of AlgOg3. The number of active centres
does not depend upon temperature.
| It is of interest to compare the found values of E and % on previously
; found catalysts. On Be(OH)g E = 9.0 kcal/mole~ 1 g kg = 3 9; on FeOOH
E = 8.5 keal/mole-1, 1g ko = 3.1. Thus, altering the metal cat1on affects
l - mainly the energy of activation. Varmtmns of kg can be explained by the
; variations in the number of active centres.
Higher values of E(16 - 22 kcal/mole-1) and h1gher values of kg (by
\ 2-3 orders higher) have been obtained on base catalysts: BaO, SiO, CaO
| " Ca(OH)g, CaCOg.. The number of active centres calculated from the data
| on molecular weight was even somewhat less than on Be-, Mg-, Fe-, Al-

-

.
By
-

- catalysts and was in the neighbourhood of 2 X 10,13 c¢m-2. The reasons for
this have not been understood yet. It is probable that the number of active
centres on the solid base increases as the temperature increases too. It is

-
- T - ) . . - .o .
. - . —— A < - . . - oo . T
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also probable that the polymerization proceeds on them according to some
different mechanism. . '

4. SPECTROSCOPIC AND X-RAY STUDY .
Infrared studies carried out previously 6) demonstrated that adsorption
- of a molecule of ethylene oxide without breaking the ring precedes its addi-
tion to the polymer chain. A study of the change of state of surface groups of
the catalyst itself in the course of adsorption and polymerization of ethylene
oxide was of particular interest. The technique of carrying out infrared
-spectra in the process of adsorption from the gaseous phase on the solid ad-
sorbent by means of spectrometer IKC-12 was described earlier 6). The

" object of the study, the same as in the paper mentioned above, was partly
dehydrated Mg(OH).

204
s /
o-"'“b
g -~ &
-~ e
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L. J7 28 /|
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»
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Fig. 5. The change of Mg(OH)5 absorption spectrum
- - during adsorption and polymerization of
ethylene oxide: (1) tnitial sample after evacu-
ation at room temperature, (2) after 2 days
in ethylene oxide, '

Fig. 5 shows the change of the spectrum of Mg(OH) in the region of
- valent OH-vibrations in the process of adsorption and polymerization of
“ethylene oxide. In the spectrogram of the initial sample of Mg(OH)9 (curve
1) are absorption bands 4050 cm-1, 3640 cm-1 and 3275 em-1 characteristic
of brucite structure 10) and a wide band with a maximum 3400 cm=1. The
. band 3400 cm-1 disappears on heating the sample for a short time up to
N "~ 7 150:200°C. The adsorption and the polymerization of ethylene oxide causes
the appearance of absorption bands 3055, 2925 and 2880 cm-1 (curve 2),
" indicating the presence on the surface of physically adsorbed ethylene oxide
-2+~ and polymer molecules 6), .
saer } : . . . T e
Declassified in Part - Sanitized Copy Approved for Release 2014/03/04 : -
CIA-RDP80-00247A004200070001-6  _. -~ "~ 7 =z ~_" et e

. - - . . — o LT S




Declassified in Part - Sanitized Copy Approved for Release 2014/03/04 :
CIA-RDP80-00247A004200070001-6 ' : _
. : 7 STAT
According to our estimations the adsorption of ethylene oxide molecules
upon OH surface groups should decrease the intensity of their absorption
_ bands by 0.2% which is distinctly registered by the method used in this work.
‘ . However, as is shown by the comparison of curves 1 and 2 ethylene oxide
- adsorption and polymerization are accompanied neither by an intensity change
© of bands at 4050 and 3640 cm=1, nor by a change of their position. Thus, the
OH-groups of magnesium hydroxide are not active centres in the catalytic
ethylene oxide polymerization. '
On the surface of some samples used by us there were also present
carbonate groups CO3~. Fig. 6 shows the spectrum of the catdlyst

- =
-2
w»
- g
- § )
=
<« . N
: /820 w00 1200 . 1000 9ag 800 en
" T osT .7 7 Fig.©6, Absorption spectrum of xMg(OH)5 yMgCOg during
A .- ) " adsorption and polymerization of ethylene oxide;
o (a) initial sample, (2) after 2 hours in ethylene
Do, - oxide, (3) after 2 days. in ethylene oxide, (4) after
| . beating in vacuum for 6 hours at 180-200°C,

'XMG(OH)»"yMgCOg3 in the long-wave region when ethylene oxide is adsorbed
and polymerized .on it. Curve 1 is the spectrum of the catalyst. Bands
1540 cm‘l, 1425 cm™1 and 851 ¢cm-1 should be attributed to the ion of 002‘
. '. (see for example 11)). In the subsequent curves the band 1120 cm-2 repre-
) sents the vibrations in the chain of -C-0-C polymer. The band 870 ¢m-1
belonging to the ring C - C superimposes on the catalyst band 851 cm-1
) (o) ) .
gives absorbtion maximum of 860 cm-1. With the passage of time the in-
tensity of the band at 1120 cm-1 increases but the intensity of the bands at
1540 and 1425 cm-1 practically does not change: It is evident from this that
" carbonate ion does not take part in adsorption and polymerization of ethylene

oxide. - | - . -
After heating the catalyst together with the polymer for 6 hours at
r ' ° - - - .

-
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180 - 200°C (curve 4) bands 851 cm~1 and 1540 cm-1 appreciably decrease
in intensity which might be attributed to the effect of interaction of ions of .
C03' with fragments of polymer molecules lying on the surface of the cata-
lyst. '
Thus, infrared spectroscopic study shows that neither OH-groups nor
COg3-groups of the surface are active centres for ethylene oxide polymeri-
zation. Only ions of metal Me™ or of oxygen O2- on the surface may be
those centres.
X-ray study of the catalyst system plus growing polymer has been
., ' carried out by means of the apparatus YPC-50-1. If has been found out that
with a smaller amount of coating (less than 5 layers) of the dehydrated MgO
with the polymer the latter exhibits the texture corresponding to a deforma-
tion of the polymer filra along the plane (100) MgO. This is an indirect
reason in favour of much higher catalytic activity of planes of higher con-

. centration of Mg2+. On Al503 the film stretches along the faces with high
indexes.

5. ADSORPTION STUDY

Interest was shown for the estimation of the number of coordination-
unsaturated metal ions on the surface of catalysts by means of independent
adsorption measurements. For this purpose we studied adsorption and
desorption of dioxan which is often used for the determination of Lewis
acidity. Dioxan adsorption has been studied by gravimetric methods at
initial pressures of from 2 to 10 mm Hg and at temperatures of ranging

- from-0 to 80°C. The greater part of dioxan on Al303 and MgO is adsorbed
with heat of adsorption of 5-7 kcal/mole-1 (determined from adsorption
: _ isobars). Its smaller part is adsorbed irreversibly and is removed after
" the elevation of temperature up to 100 - 200°0C. The heat of adsorption of
-- - . . this part of dioxan determined according to Polanyi equation from the rates
of desorption is 18 - 20 kilocalories on MgO and 20 - 25 kilocalories on
AlyO3. The number-of active centres on which dioxan adsorbs irreversibly
2t "~ 327x1013 cm-2 on AlyOg and 1 - 3 x 1013 cm-2 oni MgO is less than that
‘ of active centres found from the measurements of molecular weight (see
above). This discrepancy can be made smaller if we assume that a molecule
of dioxan occupies two active centres.
- It is rather more difficult to study adsorption of ethylene oxide itself
because the ring is cleaved and polymerization starts simultaneously with
P adsorption. If we interrupt the experiment and pump out the catalyst during
' the polymerization on MacBain balance pan its weight will decrease due to
the desorption of ethylene oxide. The decrease in weight is likely to cor-
T - respond to the amount of ethylene oxide adsorbed without bond scission.
©_+ " " _This amount equals 1.4 x 1014 molecules per 1 ¢m? for A1503, to 0.4 x 1014
~ - molecules per 1 cm?2 for MgO (pressure of C2H40 pnor to pumpmg out is
- 10-mm Hg).
' : - . Thus, the deterrmnatlon of the number of polymerlzatwn actlve centres
- - by. d;fferent methode gwes similar results - about 1014 em-2. These figures

.'a-u . f ‘-
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are close to the number of coordination unsaturated metal ions on the surface
of the studied catalysts 9). ,

Water adsorbed at room temperature on the surface of OH-groups of
oxide has evidently little effect on the rate of polymerization 5), Adsorption
of water at 2000 results in strong poisoning of MgO and BeO due to rehydra-
tion of the surface. COg poisons the catalyst already at room temperature
probably due to screening of the active centre - the cation during adsorption

s on the neighbouring O2- jon.
R
N : 6. STUDY OF CHAIN INITIATION AND OF CHAIN TERMINATION
N : The data above demonstrate that the process of polymerization of

ethylene oxide takes place on the surface cation. The experiments at poly-
merization in solutions of benzene, chlorobenzene, ethylene dichloride,
ethyl alcohol, in monomer mass and also in normal hexane (in which poly-
mer is insoluble) revealed no effects due to dielectric constant of the sol-
vent on the rate constant of chain growth. Thus, in the process of polymeri-
-~ zation no separation of charges occurs as observed in the case of free-ion
mechanism of chain growth. At the same time the rate constant of chain
-termination, i.e., the polymer molecular weight, is strongly affected by
the solvent. The molecular weight in solvents containing hydroxyl-groups,
for example in ethyl alcohol is considerably reduced. General equation for
the molecular weight, confirmed by the experimental data reads as follows:

A Sy +Jweat - 1+ kSybt (Co -3kt S10) + (S8 Cooly f

M=

| Here A = factor of proportionality taking into account the volume of the

ot system, k, = rate constant of chain growth, k{ermy and &\, . . = rate constants
of chain termination under the action of monomer and solvent, Sy = number

of active centres of polymerization, S9 = number of centres of the second

. kind on which monomer or solvent terminating the chain are adsorbed, b'

o . and " = adsorption coefficients of monomer and solvent (or of impurities)
on those centres, C, = initial, C = present concentration of ethylene oxide,
t'=time., In polymenzatmn experlments on MacBain balance the last two
terms in the denominator are absent and the chain termination takes place
only during the latest treatment of the polymer + catalyst system. In ex-
periments with very pure nonhydroxyl solvents some part is played by the

.. second term in the denominator. But in a great number of solvents the third
i term in the denominator is considerably greater than the second one and the
second term can be neglected.
If the second and the third terms in the denominator are small and
M= Ak% dlStI‘lbllthn of polymer fraction according to molecular weights
is, as Flory demonstrated very narrow and the average-weight mole-
cular welght Mw at suﬂiciently high degrees of polymerization is close to
average numerical M,. The value M for low molecular weights can be
determmed on the basns of ana1y51s of end groups. For this purpose we

-
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prepared polymers with specially reduced molecular weight on the catalyst i
N - . AlpOj3 in the mixture of ethylene oxide with ethylene glycol. In this case - i
ethylene glycol is a polymerization initiator. The content of OH-groups was
- determined by treating polymer with 10% solution of phtalic anhydride in
. pyridine and by back titration with 0.5 N solution of NaOH. In one of the
experiments it has been found {assuming that 1 OH-group exists in 1 mole-
‘ _ cule of polymer) that My = 220, My, = 560, in another experiment where
o - initiation was performed by means of alcohol, My = 1380, My, =1560. In
SR all cases M,, is considerably lower than My,. -
- Experiments carried out on AlyO3 under normal conditions (without
i . - . initiating by solvents containing hydroxyl) showed very low values of My
' but the accuracy of determination or M, was low. To check up distribution
~ _in this case, molecules of the polymer were fractionated by dissolving it in
ethylene dichloride and by subsequent precipitation with hexane. The results
we obtained indicate that in spite of a considerable degree of polymerization
. (for the polymer recceived on AlpO3 in the benzene solution with M, being
11500) the distribution.was.wide and did not corresponded to the Flory distri-
bution. The calculation of average numerical molecular weight on the basis
a ' of these data shows Mj = 2200 which is considerably lower than My, and is
close to the value of M, found from the analysis of end groups. This points
~ to the significant part played by the chain termination reactions in accordance
_with the above equation. The chain termination is due to the effect of im-
= - - .. .purities in benzene and in the monomer. o .
. - " - As stated.above, substances containing hydroxyl can participate in
.o initiating the chain. OH-groups on the surface of catalysts may apparently
o -",be'_initi'atp'rs of the chain. The rate of such initiation is small, however,
. -and on hydroxide and carbonate catalysts the reaction is usually preceded
_ - by/a long period of induction 4), On the contrary, on oxide catalysts having
- - . noOH-groups initiation proceeds quickly with no period of induction.
O . +. We may consider this case as "quasi-radical" mechanism of initiation
L as partly dehydrated ‘oxides have on some surface ions of metal excess
L - positive and on ions of oxygen -excess negative free valencies which are not
. * intercompensated. In such a mechanism unsaturated C=C or C=0 bonds may
: . - be found at the end of the polymer chain. Unsaturated C=C bonds were
-~ determined by the addition of the solution of Br and then KJ and by back -
- © 7 .. - .titration with thiosulfate.” The content of carbonyl groups was determined
s -~ : by titration with hydroxylamine hydrochloride. The experiments indicated
_the presence of C=C bonds and the absence of C=0 bonds {with an accuracy
- “of up to 5% of the number of end groups) in terms of 1 group per molecule.

-

" i, -.7.PROCESS STAGE SCHEME

- -

- -
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5 - We ca.n bi'opo;se the f&llo_winé_ stage diagram of polymerization of
.. . ethylene oxide and oxide catalysts on the basis of the above experiments
" --" - . O ._.a) Chain 1nitiati0n - . : ‘ N . .
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| | ‘ ) cHg . CH=CHy
- SN / 2
. O0—CHy . 0
: _ ] ,
5+ 8- CHZ_ | ; | ' l o
.MeOMe... +0 = CHg o ...Me O Me.. . Me Me...

The formation of small number of additional OH- groups in th1s process
may be not traceable in the spectrogram if their number is not more than
1 x 1013 cm=2 (maximum 5% of total number of OH groups)

« . b) Cham growth . » _ : ’
+ 7 cE= cry o cu = CHj  CHy-CHp-OCH=CEy
y 0 + CHy -/cnz-———- ?gz/c, CHy o
r OMQOMe 0 ...oMe o Me... .. oMegMe. .

principal .link and by coordination valence with a free pair of electrons of
~ oxygen in the ethylene oxide ring. Scission of coordination bond and the .
entry of the molecule of the monomer into the polymer chainisa hmmng
" -stage of the reaction. The crystal field stabilization energy makes the -
; - "coordination bond stronger and retards this stage. :
T e Furukawa 13} suggested that in stereospecific polymerization of propyl-
- ene oxide the monomer adds on to two metal atoms of the catalyst. Analo-
- gously for ethylene oxide one- rmght admlt the formation of the complex on
sohd oxxdes _ - S
R _9' 2 '--C{I?‘- S C{HZ/CH? o e
RO . L IR ..\.Me 0. “Me.. ' i
The following £acts however, do not speak in favour of this mechanism:
" 1) in polymerization of propylene oxide on solid oxides we obtained amor-
i phous but not crystalline polymers; 2) bands in the infrared spectrogram
. belonging to the ring C C in adsorpt1on practically remain unchanged;
o’
3) calculation of ko in the chain growth reaction according to the theory of
' absolute reaction rates (about 102 min-1 under reaction conditions) revealed
that a part of rotational degrees of freedom is retained in the adsorption of

% - . . andsoon. The surface metal ion bonded with the polymer chain by the
H E :
!

C2H40.
- _ c) Chain termmatxon ‘ o
e T CHz c;g, {0C2H4]n OR R' SN T
L + R'OH-—-—O , +HO- cnz-cuz-[ocznd,, oR . 7
’l R Meomg e :. _ ...MeoMe o o - . . ,j‘ ‘—“ -? .‘-‘ '
LS T e e g L PR SR RIS,
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‘ (lll-lz - CHy - [OCgHy], OR (IJH = CHy
(l) + CHg -/CH2—>(|) + HO-CHg-CHg- [OCgH4],, OR
MegMe. .. N O MegMe. ..
The first version of termination by means of solvent or impurities as
' said above is more probable than the second version, i.e., termination by
s polymer.
| Kinetic data obtained earlier 3-5) corroborate the proposed scheme.
‘ ‘
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‘ . 'THE STRUCTURE OF POWDER CATALYSTS, MADE OF
Ni-Co ALLOYS AND THEIR CATALYTIC ACTIVITY AND
KINETICS OF REAGENTS ADSORPTION IN THE PROCESS
: : OF BENZENE HYDROGENATION

L. e - Zdzmlaw SOKALSKI and Jozef PODKOWKA
. .- Pkys:co Chemtcal Department of the Silesian Institute of Technology,
' " Glzwzce Poland

1. INTRODUCTION T ,

-

o s ] Powder catalysts, made of Ni-Co alloys, have been 1nvest1gated by
; Lihl, Wagner and Zemsch 1), as well as by Hund 2). This type of contact I

l - catalysts is of special 1mportance in investigations, the aim of which is to

. 'determine the dependency between the catalytical properties and the crys-
E.,‘ ' tal structures of the catalysts. They offer much possibility of choosing
£ ....7...such a series of catalysts, which are characterized by continual changes
‘g‘ -~ - -of their-structural properties. The method of preparing these catalysts is

. . .. Dbased on the reduction of suitable salts of mixed crystals.

[ . ~ According to Grim's theory 3), two metals can form a continuous series
Lie. . Cof mixed crystals, if the difference of their ionic radii does not exceed 7%
'(m cases when-the electrical load and their chemical nature is the same).’

" The ionic radii of Ni and Co amount to 0.78 and 0.82 A respectively. Thus

.
[N
N
vy
"
14

e g
'
!

.".."!_".." - _the difference is only 5%. Because the ionic radii of both metals, founding
{3 7 the structural lattice. of the catalyst are so very similar, there exists a .
450 rather broad range of concentrations of aqueous solutions of salts, which

. 'may be used for the production of catalysts. In this case one cation of the
. metal A is to be wedged into the. crystal lattice of the metal B. This case
* in the mterchangeab111ty of the cations forms the basis for a wide series of
emerxments the more so, because when suitable proportions of the initial
components are used, there may be produced crystals of various crystalline
phases. The above mentioned authors 1,2) have limited their investigations
.~ -to the examination of the catalytical properties and cristalline structure of
_ - powder catalysts, made up of Ni-Co alloys. Today it is well-known that the
P chexmsoi'ptmn of the reagents of a catalic reaction is one of the elementary "
a ‘processes of contact analysis, so that the investigations into the kinetics-
<. . -of chemisorption render it possible to describe the heterogeneity of.the ... :
R " catalyst surface quantitatively and it_ seems to be worth-while to supplement..
PEFERE both the kinetic'and structural investigations with measuremerits of the . : -
S © adSorptior Kinetics of the reagents of benzene hydrogenation in con]unctxon .
, with ‘the actwity of the cont.acts is such a. reactlon T et DT o ne
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‘2. EXPERIMENTAL PART

2.1. The preparation of the catalysts
For the experiments there were used powder catalysts, which had been

produced by means of a thermal decomposition of miked crystals composed
of Ni and Co formates. In such a way, too, catalysts have been produced by

" Hund, Lihl and Wagner 1,2), The initial reagents were Ni and Co formates,
got by means of electrolysis; they have been dissolved in suitable proportions
in a 10%-HCOOH. Then this solution was evaporated at its boiling tempera-
ture until a saturated solution has been received. After that the solution was
cooled down by means of water at a temperature of 14°C. The crystals pre-
pared in this way, were dried at a temperature of 110°C

2.2. Catalytical investigations

The reduction of the catalysts and the catalytical reaction of CgHg-
hydrogenation have been carried out in an apparatus which is shown in fig. 1.

- .

T N T ‘Fig. 1 Appo.mtus for reduction and catalytical hydrogenation of CgHg.

'I‘he electrolytxcal hydrogen, taken Irom a pressure bottle, has been passing
' - successively through a fleometer 1) then through absorbers with H9S04 2
S ‘and with.KOH 3), through a filter w1th active carbon 4), an absorber with’
‘. " -pyrogallol solved in KOH 5), next through an oven containing the catalysts
- . ':-for removing the last traces of oxygen 6), and finally through pipes filled
" . "with anhydrous CaClg and Mg(ClO4)3 7). The reduction of all the catalysts
... <" has-been executed at a temperature of 330°C with hydrogen flowing past at
- 77 arate of 40 1/h. The t1me of reduction amounted to 2 hours. Afterwards the

Y
.

. »-._ 3 ,. .. e . . .. . . -
4 .-»._, . .
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oven was cooled down'to reaction temperature, while the hydrogen flow was
1 kept low. The cooling time was the same in all the experiments. The amount
i _ of Ni in the catalysts, which have been prepared in this way, increased suc-
1 cessively from 0 to 10, 30, 70 and up to 100%. The nickel content was deter-
mined by precipitating o -dimethyloglyoxime and weighing it.
The reduction value was determined by solving the weighed amount of
I, the reduced catalyst in 20% H9S04 and by measuring the volume of the evolv-.
‘ ed Hy. The reduction values of various catalysts are presented in table 1.

. -Table 1
. Reduction values of catalysts with various Ni-contents.

. . | Ni-content )
| _ in welght 9 0 10 30 70 100

'(( i Reduciion

] value 97.5| 99.0 | 98.1 | 965 | 985

E follows from this table that the reduction values for all catalysts amount
_nearly up to 100%. ' , : '
l ~ Having set up the temperature, benzene was dropped down from a micro-
§ burette at a rate of 0.1 ml/min, while the hydrogen was flowing at 6 1/h.
; This makes a 20% excess of a stoichiometric proportion. In this way the
’ i _benzene was dropping down for 10 minutes, after which for 5 minutes pure
| hydrogen was passed through in order to remove from the catalyst all CgHg
! - and CgHy2. Then again benzene was dropped in for 10 minutes (after Lihl
'| and Wagner). For each catalyst six experiments have been carried out in
\ order to get reliable information as to the activity changes during the pro-
‘ cess. The reaction products were being‘cooled down in a water condenser 3),
the liquid products being investigated by using a refractometer for their
IR CgHg- and CgHjg-content. For this purpose a calibration curve was designed
- ‘ determining in this way the content of CgHg and CgH12. Experiments have
- _also been carried out, the aim of which was to show whether CgHg can be
. .~ . hydrogenated by using simply a pure glass pumice. It has been proved,
"‘ " that in such conditions no hydrogenation does occur. The kinetics of hy-
" drogenation has been examined at temperatures of 1409 and 180° using
[ catalysts with 0, 10, 30, 70and 100% Ni content. The dependence of the
yield (in %) of the hydrogenation of CgHg to CgH1g upon the temperature is
represented in fig. 2, whereas figs. 3 and 4 show the dependence of the
yield upon the duration of the experiment at temperatures of 140 and 1800C
respectively. )
. For these same catalysts the kinetics of the dehydrogenation of CgHg -
have been carried out at temperatures of 215, 260, 290 and 3109C. The
results of those experiments are set up in table 2.

.
. e e e m—— = e =4
e e " &

, 2.3. Survey of the adsorption kinetics |
-~ B is much easier to interprete quantitatively the results of the meas-
urements-in the kinetics of adsorption, if these measurements are taken .
. under isobaric conditions. In these conditions the constants of the equation,
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Table 2
Ni-content in Yleld of the reaction CgHy5 —=CgHg at temp.
the catalyst -
in% 215° 260 290 310
o - 0 4.3 5,2 -
10- - 0 60 64 7.1
30 0 6.5 84 98
70 0 64 1.6 8.5 -
100 - 9.3 144 163

coni:ernmg the distribution function of the active spots according to the ac-
tlvation energy, e.g. in the equation

p(E)—exp[ kot exp (- E/RT)],

. the constant kg is independent of the pressure, so that a less complicated

equatmn can be used.
To avoid such difficulties, the apparatus, measuring the adsorption

) limetics has been equipped w1th a manostat and thus the isobaric cond1t1ons
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are fulfflled. The scheme of a modified apparatus, developed by Taylor and
Strother 4) for taking measurements of adsorption kinetics is shown in fig. 5.

’ 4

P

l diffusion pump

Mc loods vacwummeter

} ™
== o
— VYorvoewvum pump

" Fig. 5. Apparatus for measuz;ing the adsorption kinetic by p = const,

o

-

vacuum was used of about 10 mm Hg during 4 hours. The hydrogen was
developed in an electrolyser, as shown in fig. 5, and introduced into the
- apparatus through the mercury lock D. Liquid benzen and cyclohexane was
passed into the vessel E, where a high vacuum was formed, and from there
"' "7 brought into the main apparatus.
| N - . All measurements were performed under a pressure of 25 mm Hg. The
R + + . first measurement was taken 1 minute after the cock 3 has been opened. As
P - -inmediate measurement is impossible because of the aerodynamical perturb-
Lo T 70 ances, occurring when the gas is passed into the adsorption vessel, and
5’ .~ .. .because of the initial instability in working of the manostat. The last meas-
Jto. 7 7: urement was performed after 90 minutes. Roginski has stated in his paper 5) -
R BRI _..‘basing on an analysis of a great number of experiments - that between the
o - first measurement and the last one there should be observed that tg > 40 {y,
- "= s -ghat in our case is fulfilled as f3 =90 ¢1.
" ~ .. Kineticdl measurements have been carried through at temperatures of
. ~- 1400 and 180°C, using catalysts of 0, 10, 30, 70 and 100% Ni-content. The
© . results of those experiments are represented in figs. 6 to 10.

. The samples were degased at a temperature of 350°C; in this operationa

R ‘The roentgenographs were made with cameras of the Debye and Scherrer
" _type. The experimental results of these measurements are to'be seen in
© . table 3 as well as in fig. 11. The roentgenographs of the investigated catalyst
7. ... -are given'in the plates 1 - 5. . |
e e ... -Basing on the analysis of. Ni-Co systems, the appearance of two lattice
<®7 L -7 phases has been proved. They are the hexagonal a -phase and the cubic B-
"r_ ',’.1‘-,‘ R - ‘phase. . - ,-"' . '. . . » . S .'
¥ ot 27 - In staridard conditions for 0% of Ni content the & -phase is stable. The
.= """~ .appearance of the g -phase in these conditions in a quantitative prevailance
.. k.- o7 canbe ascribed to the stabilizing properties of dissolved atomic hydrogen
R k‘* ¢, +7.="~into.a cristalline lattice of Co. '

o
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/Fig, 11. Dependence of the latfic constant g on the composition
of the catalysts,

.. A'catalyst with 10% nickel content develops a higher amount of the g -

. " - . phase. This is caused by building into the Co-lattice some amount of nickel

- atoms (there appears a greater ability of dissolving Ni-atoms). Together -
- ' with this taere has been observed a decrease of the lattice constant a. (cf.

' - “fig. 11) and a deviation from the additive properties of the lattice constants

_in regard to its chemical consistance. (The deviation from Vegard's rule in
caused by lattice contraction. ) o :
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Plate 1. Roentgenograph of a contact with 0% Ni-content.
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Lo _‘_»\. - Plate '5- Roentgenograph ofaeontact with 100% Ni-content.
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‘ Table 3 ‘
i : ) Roentgenograph:c-structure investigation results for Ni-Co powder-catalysts
- Ni - Phase composition| Dispersivity of the system Morfological structure of i
i ' content the crystalits
in % of :
‘ ) weight , Phase § Phase & Phase 8 Phase o
. . 0 |aandp , phase B laverage size | non isometric | bas an iso- ‘ap-pears in
. prevailing of the shape of the metric shape| form of ex-
_ . crystalits, crystalits: - of the tremely thin
- . |range 0,11 thickness 0,01 | crystalits sheets, ar-
b ) N E width: 0,1 ranged in
t? layer packets
- ‘10 |phase composi- [as above as above as above as above
| .| tion as above - .
; : mixed crystals N
‘\ 30 |Gradual decay slight in- as above as above as above
of phase & " |crease of the
| mixed crystals average size
: i of the crys-
talits in -
phase B
70 ‘| phase 8 as above. asabove ° ~|'as above as above
_ : mixed crystals '
S 100 | phase B 01 " | asabove. | as above
: , mixed crystals ' '

3 - The roentgenograph of a catalyst with 30% Ni-content is characterxsnc
v ..  for its further decrease of the lattice constant of the g-phase, for the decay
.. of the a~phase and the sharpening of the bands (reflexions). This phenomenon
T may be attributed to the increase of the regularity in the lattice structure.
Catalysts with 70% and .100% nickel content are made only of the 8 -phase,
which is in standard conditions the only stable structural form of nickel.
Very sharp bands of the catalysts with 100% Ni-content prove that the system
is characteristic for. its well-formed structure of the crystal lattice.
‘The investigated series of powder catalysts 4) has been assumed to be
- structurally modified by forming a solid solution of two substitutive metals,
viz. Niand Co. As it is shown in fig. 11, in this series there is mamtamed
. a continuity of changes of the crystal lattlce constant, this c0ntmu1ty being
’ dependent upon the chemical composition of the catalysts.
According to Wolkensteijn's theory of catalysis, the contact catalysts
are modified due to their contact with the reagents of the catalytic reaction.
If those reagents'are gases, the contact modification is called a gaseous
modification 3). The contacts are submitted to such a gaseous modification
Lo even while the reagents of the investigated reaction are being absorbed.
: . Especially the initial period of adsorption, characteristic for its larger
. numerical values of the adsorption potentials, exerts a dominant influence
upon the modification. In this case both the catalyst and the adsorbed reagents
- . _are treated as being one quantum mechanic system 5). The process of the
.. gaseous modification may be forwarded on the basis of the following assump-

Lo~ : : -
. : . .
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tion. The priority of covering the adsorbed molecules belongs to those sur-
face elements, which expose the highest potentials of adsorption, characteriz-
ing the investigated system by stronger binding forces between the atoms of

- the reagents and the catalyst surface. The covering of these surface elements
is executed during the initial stages of the adsorption time t,, the degree of
covering the reagent x being equal to 6,. The remaining fraction of the sur-
face, not covered by any reagents, i.e. (1 - 6,), the surface elements of

" which are c;ha'racteristic for their medium or low values of adsorption

_ potentials, is being covered at later stages of the adsorption time £y
* In result of the surface reaction the products, formed within the range
of active surface concentrations, are being desorbed and the substrats
again adsorbed. ‘

,' R may be assumed that the covered surface #is constantly blockaded

throughout the whole time ¢x. Thus the surface (1 - 8y, which has been
covered during the time interval £, possesses active surface elements,
allowing in the case of a dynamic adsorption to achieve a continuous repe-
"tition of the reaction cycles, viz. the adsorption of the reagents, the sur-
face reaction and the desorption of the products. In this case on the surface
fraction (1 - 8y), covered within the period of time ?;, there are gathered
the adsorbed reagents with an active surface concentration. For the purpose
of a quantitative, comparative comprehension of the kinetics of the adsorp-
‘tion processes, taking place for the investigated series of catalysts, it is

- desirable to distinguish between the two time intervals ¢, and ¢;. Sucha

. distinction is made rather easy in cases when the transfer from the extent

Ce .6 to the extent (1 - 8y) is characterized by 2 discontinuity of the function.

- © * It has been assumed that the longest times of all the possible times of initial
.o - adsorption is in the case of our series of contacts the time of modification,
P _after which the process kinetics for all the contacts follows the functional
. . dependency y =a In ¢, this dependency remaining constant. The position of

' " the straight lines representing a nickel content of 30% and 70% proves that

according to the above-mentioned assumptions it is impossible to choose a

, shorter period of time than 10 minutes, i.e. log t = 1. The straight lines

b f represented in figs. 1 - 5 may be expressed by means of the equation

' y =a log x + b. They are practically continual functions from log £ = 1 up-

-wards, whereas.the quantity bis characteristic for the initial period of

i adsorption, which is a period of spontaneous gaseous modification. The

. - time {,, extending from O to 10 minutes, is assumed to be the time of the
spontaneous gaseous modification, while ¢} >10 minutes is assumed to be .

" the time of adsorption taking place at the surface fraction (1 - 0y). Inthis
time there occurs the covering of the adsorption places with active concen-
t P trations. H the straight lines in figs. 13-17 cut the axis of log tx =1, the
. l i - . . - contact surface is not modified (zaseous modification).
t

Basing on these principles there have been received straight lines in
_ the coordinates system g = f(log ), as shown in figs. 13-17. -
.\, - . In.order to determine the characteristic coefficients as being a quanti-

.- - tative expression of the adsorption process we may take up the following

- : : considerations, basing upon the kinetics of adsorption: |
N l e L o . 1., The adsorption rate constant 2-is determined by means of eq. (1).
- -'v;:e.,_-’ A'W}A - - - s ) ’ .

B
- - e .
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' Fig. 14. Diagram q = f(log t) of CgHg-adsorption at 140°C,

where:

: 1
Sy

K2 =k,
#moy o

R dg, - differential of the adsorbed molecule of the reagent ,
- dt - differential of the adsorption time,

O - Sx

+ - . .

where:

CIA-RDP80-00247A004200070001-6

- surface at which the adsorption process is taking place,

no(x)- concentration of the reagent x in the gaseous phase. For isobaric
conditions ng(y) = const.

) ‘On the other hand the rate of the adsorption constant can be represented
T ~ by means of Arrhenius' equation o

-k_x éAxexp (-—Ei—-)

R
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- respect to the lattice parameters at the surface of the adsorbent. Comparing
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7"Fig. :15. Diagram ¢ = f(log ¢) of Hy-adsorption at 180°cC,

A, - coefficient referring to the reagent x,

- Ex - activation energy of adsorptlon of the reagent x,

R - molar gas constant,
T' -"absolute temperature.

-The coefficient Ay depends upon the number of collisions of the gaseous
molecules occuring at one umt of the surface Sy per second. Thus

~ s

@

where Zx /Sx represents the number of molecules striking against the sur-
face unit within the period of one unit of time. p, is-a quantity dependent on
the arrangement of the adsorbed gas molecules and their orientation in

k in both- equatlons (1) and (2) we get a new dependency (4)

s . .._‘,"_Ix'

For our particular case, where hydrogen and benzen are the reagents eq

(4) may be written in the following form

R -",'_“-‘ fa

. Ve — [

R

'
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N . b s P
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. . - 17
dq(Hz) Eys\ - -
3 nop, | BaPHp O ( w7 | 5)
‘ . and ' 7 .
d9CeHg ) ECeH; :
. _ 686 6 .
) . ) dt - noceRg - ZCGHGPCGHG exp ( 7 ‘ ._(6)'

The emp1r1cal eq.. (1) expresses the adsorption kinetics of the reagents
of the catalytlcal hydrogenatxon process of benzen to cyclohexane

' qx—axlnt by - L , )
- To thxs process corresponds the heterogenetic chstnbutmn functmn 6)
o T pus)x-a,, B €
) ' wh‘ere_as S ol -

- . :.»",' ":;“' - ..‘ .“\'('_.;3 o ." . .. . - 1 dNE LA Lo T : -"_ .

B 4

- in which Ng denotes the number of adsorptxon spots at one surface umt with
an activation energy of Ex, while Ny is the general number of all adsorption
_ spots at the surface unit. The expression dNEg,/Ny represents the probability

that at one surface unit there occur dNE, adsorption spots with an activation
energy of Ey.

P : Dﬂferentmtmg eq. (’7) agamst the time - we obtain:

S i b ey S %,
SEEE SO P SO I I

-

and - . S S

q e " o L ‘} g dQ'CGHG t-‘:aCéI'ie ‘, L 9
S ) § . ‘_‘_T-‘.:_..f,"_, = - CGHG dar - F . o ()

Hence for. equal adsorption tnnes we shall get the followmg equatxon

STAT

- e "_-.‘._‘ ~ :'_::;.'_".". VHZ . aHg SRR . ot o
Ceﬂe 9CgHe | ‘
where Vx is the adsorptxon rate of the reagent X. -
‘Inserting into eqs. (5) and (6) the correspondmg expressions from eqs.
_ (9) and (10) we get to another dependency, viz,
] T T --’.‘a‘H_ En
- + ‘:-- . :1..:.\.-- ‘.: ",.‘ \-4‘.’ - 2 ..— 2
:". .‘-; .‘:"._' ',.-- ; H .* .-.“ t nonz i, Hzpnz e}qj ( ) R (11) ’
L B e aC H; . ‘ EC H . f TR
. L .Toan - 66 66
Y TaoCeRe -Zc E PC H eXP (12)-
; \( < ‘.7‘ . : ;. 'f:'_‘-‘:t . tﬂocsﬁ 6146 6 6 ( ) .

. ST - Lt . ..,‘_..
,,,,, e . + .
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Dividing both these latter equations by sides we obtain:

Hp _ mp Pmy ( Erg ECGHG) 13)
~ —_— = exp \-—
2CgHg ZcgHg PCGHG. RT
. where 8 = "oHy x const.
e oCgHg
- Equation (13) is valid for equal times of adsorption of the reagents i. e.

" e for such theoretical conditions which form the basis for expressing the ad-
- - gorption by the name of a quasiconsecutive adsorption of two reagents. In
: our case they are hydrogen and benzene.

Making use of eq. (13) we can set up the algebraic sum E, - Ey, if only
the respective numerical values of ax and a, are known. The latter values
can be evaluated from the kinetical equation of adsorption p = f(In¢) where
. for our experimental measurementsa =1tg a.

' Setting up a respective equation of type (13) for the reagents CgHg, H2,
; CgH12 by multiplying both sides of the equations by the coefficients aCGHB’
@Hq and then dividing both sides of the equations by another equation with
e the coefficient acgHy9, we come to the following dependency:

o aceHg OH ZcrHe PCeHe ZHy PH
. RTIn576 2:31‘1:13' 626 gHe “Hg PH
- ' | 2CgH12 CgHya Pcﬁn_lz
- : ) (14)

- +Ecghyy - EcgHg - FHy -

, " - This equation is valid for equal times of adsorption of the reagents Cglg,
...« - - and CgHyg in case when the adsorption takes place for each reagent sepe-
' rately.
The algebraic sum of activation energxes of adsorption of the respective
. " .reagents in a catalytical.reaction may be measured in a similar way, if only
e . In (ax/a,) is known. We base in this case, of course, on experimental in-
vestigations.
In fig. 18 we find represented the efficiency of the reaction of hydro-
genizing benzene into cyclohexane at a temperature of 1800C; it is drawn in
form of the function ln (ax/ay)

, - | S w ,p(’;) | (e

ok a The appearance of two pa.rallel straight lines in f1g 18 may be explamed
- “when basing on fig. 17.
. The straight lines appearing in fig. 17 and concerning the content of 30%
and 70% Ni refer to the adsorption of benzene steams, for which, as we see
" from the drawing, there is no preliminary adsorption procoess. In our case

.this is synonymous with" deprivmg the catalyst surfaces of their gaseous
; modiﬁcation

. . -
. - . -

+ e - ! L e “ -
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) for the kinetics of adsorption at 180°C,

9 STAT:

As the parallel straight lines Iand II may be displaced with regard to
one another, it must be concluded, basing on eq. (14), that the multiplier
occuring in front of the exponent, as given in eq. (14) is larger for straight
line II then for straight line 1. Hence the mathematical product Zg, pHy for
30% and 70% catalysts, the surfaces of which have not been modified by
benzene steams, is-larger than in case of modified surfaces.

As a temperature of 1400C the-diagrams in fig. 19 comprising the
characteristic value dw/d(in ax/ay) = &, have a negative slope, whereas

_“for a temperature of 180°C the slope, is a positive one.

In the stationary state of a catalytical process there establishes at the

catalyst surface a simultaneous adsorption process of the substrates, as

well as a process of desorption of the reactien products. In such conditions

process.

For the statiomry state we ap

S
. dCeHg THy =.ZH2‘Z,CGH6 Pry Pcetig gt
: _-ZCéHiz

T ‘_\ﬁheré both v;(lu

— .
2CeH12

eclassified |n Pa
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ply the followihg equation:

-

eas

E&eng ~ECeHg - FHy

ex

aﬁz'refer to the adsorption ratio at the active

) (-15)‘ |

the simultaneous adsorption must agree with the kinetics of the catalytical
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‘Fig. 19, Diagram w = f(log ) for the kinetics of adsorption at 140°C.

L spots, whereas af Hyo expresses the ratio of desorption in cases when
o ty = const. Eyare %he values of the activation energy in a real desorption,
_ connected with the active spots of adsorption, 'in contract to the value Ey

. dencting the apparent activation energy of the process. In such conditions
. ~ the value expressed by static parameters equals to 1. The right hand side '
i - of the expression in eq. (15) bases on the conception of Van 't Hoff's box, -
L the box being replaced by a porous catalyst. In order not to obscure the

mechanism of this process, in which the cycles of adsorption and desorption
occur again and again one after the other on various, so called "'mosaical”
‘areas of the catalyst surface, this successive occurence depending on the
" activation energy of these areas, we have confined our observations to
- _ stating the most general form of these phenomena. '
L . Equation (15) may be expressed in the following way:
Eé gnyg - F&

e T 'dCcgHg YCgHg “Ha YHy x __ { CgHiz~ ¢t ~FH
=T : L = const,” exp (

2
16
~© 9CgHyz ¥CeH12 . RT ) . oo
‘ H ~ The values yx denote the coefficients, by which the numerical values of a,,
<. 7. - resultingfrom the measurements of a separate adsorption process, are to
1. %" "pé multiplied in order to obtain the expression ay. Thus eq. (16) expresses
L .- the stationary state of a catalytic process in case of a quasi-simultaneous
T ' - adsorption, i.e. in case of an adsorption (on active spots) determined on
_: 7+ _ ~the basis of kinetical measurements of a separate adsorption.
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Because of the fact that for the stationary state the condition must be
fulfilled, demanding that

. 9CgH1g YCeHg . R an
. - [} Lo
E .. @CgH1pYCgHig -

. - hence _
' ‘ ~€Hy EB
aHZ mz = const exp ( 2 2)
. . where €H2 EHZ = EH
- In case when the selectivity of the hydrogenization process of benzene
to cyclohexane for a stationary state amounts to 100%,. then

(18)

. dehy _ Ty 9Ey Hy " )
et e e dE LT At const, -~ const.” ° .

. 7. -

v
V2
'

| ‘where w denotes the effxmency of a detalled process and - (de/dt) the hy-
» ) Qrogen consumption during the catalytic process.

- Teo- " Taking into consideration eq. (19) as well as eq. (18) we obtam the
following formula

B -

e B :
H
~

- T ; V . ay e GH EH . T .
oo oo ws constx exp ( 2 2) . (20) :
Dol R " The expenmenta.l data for 0, obtiined for a series of catalysts which
LT have beéen modified at a temperature of 140°C, _are presented in form of 2

- function log ap, in fig. 20 (curve I). . ) . ) .
Lt L ”,'. .\T}us curve I fulhlls the followmc equation: _ o
i . —const exp(klnanz) I (21)

“where k is the -negative directivity index. :
o Because the quantity w is connected with the adsorption of the actwe
. spots eq. (21) may be expressed thus A ' ‘ )

*

SR _.'-f o aﬂz = const exp (-k 1]’101—12) (22)
I results from this equation, that on the surface of catalysts with rlsmg
_ values of (dgHo/d?) = aHy Of a separate adsorption, there appears in a-
X ~.quasi-simultaneous adsorption for the stationary state a decrease of active
S SpOtS. These facts correspond to the comparative results of the efficiency
" of the catalytical process, as we may see from the experimental curve
) presented in fig. 20. The efficiency of the process shrinks with the decrease
R - . of the number of active adsorption spots. - . , ) R
R : Dividing both sides of eqs. (20) and (21) we get: ' ’ B A

. ¢ . . . N e - cw = .
P R - e . - e e Al . ~
. - - A s - - . . e . -
L e T e e N . S i P v . n e L LN o2
e P s et ‘,‘, ..-.‘~ N R AT o - PO _.‘_ ..; FEA "'f‘—" v‘\-,..o 4 ot s . E
e ‘. - . - T . P . . -
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« . T -’— ‘*": Fig. 20. Dlagmmw =f(__...6.,§6____ % 10) and w -f(log a}{Z X 10)

Lo ,AA;F".-.- .

—_— e T (23
R .._'-const e | _RT_ *"’ 1““’Hz U € _)

*}1' results from eq (23) that function w has only one meaning if

const. . 21 e
const. ST

P . . J e T s
PR . R et T . s WL L

: . ) , e eHZ EH2 S L o S
Knowmg, then, frorn the dlagram ‘the valué of & (accordmg to eq. (21),
o and from the expenments the value of ag,, we can thus deterrmne
_?EHZ EHz = Eprz for a quasi-simultaneous process. o '
> The eurve in fig.- 20 corresponding to the temperature of 140%C and to _
"naﬂz,wquxte fulﬁlls the experxmental equat1on ‘ e

_fFor the sake of comparlson, ‘curve, I]1(140°C) has been plotted in'the co- )
rdmate system, too v1z D , . .
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2CgHg “Hz)
@CgH12

It is easy to make out, that the curve in the latter case does not corre-

spond to eq. (21). This is proved by the scatter of points of the stra1ght line
presented in tlus system: .

.w =(P(

. aCGHG aH2
logw = ¢ loga'ﬁ_) .
. CeH12

oo The failure of curve I is a resuit of the lack of the coefficients y,;
taking into account these coefficients, we should obtain the relation:

' - acgHg YCgHg
aCgH12 YCeH12

=1.,

The experimental curve II for a temperature of 180°C in the coordinate
system w = ¢(In ay,) fulfills eq. (21) quite well.
According to the results of structural investigations, the increase of
K " nickel in the contact series of 0, 30 and 100% of Ni-content causes the
.. - .appearance of a more regular structure of the crystals. The more regular
Lo structure of the crystal lattice comes forth in the kinetics of hydrogen ad-
sorption, and the expressions afi and ay, represent the quantitative ex-~
" pressions of its kinetics. The numerical value of ay, decreases as the
3 amount of nickel content in the catalysts increases, in spite of the fact that
. ay., increases, too. '
e The quantity -tg o = (dax /day,) on the other hand, is a constant value,
e which proves that the changes of the structural prOpert1es of the mvestlgated
catalysts are continuous ones.

-

-

at
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N 3w, Langenbeck Angew, Chem, 68 (1956) 453.
" .~ 4) S.Strother and H, Taylor, J. Am, Chem, Soc, 56 (1934) 586.
' 5) S.Z.Roginski, Problemy kinetiki i kataliza, Vol, VI (Moskwa - Leningrad, 1948),
6) S.T.Roginski, Adsorpcja i kataliz na meodnorodnych powierchnostiach (Moskwa,
- 1948), :

‘3

. LT B . L. L L. .

- . . . . T - L P . . L R S, . .

. bR (- P PR TR R P T P e - Tt I . LR s
. i et . L . . X .

‘\. B

| DecIaSS|f|ed in Part Sanltlzed Copy Approved for Release 2014/03/04

REFERENCES o o e e

_E—*- "'3—

STAT

CIA-RDP80-00247A004200070001-6 Htiaeizi s i othehenti ol i L 7A o 8y




Declassified in Part - Sanitized Copy Approved for Release 2014/03/04 :

CIA-RDP80-00247A004200070001-6

: ‘ | . vestigation of the forming gases was carried out.
{
i
t

STAT

L ABOUT MECHANISM OF CATALYTIC CONVERSIONS
¢ AND STRONG ADSORPTION OF UNSATURATED CYCLIC
HYDROCARBONS ON PLATINUM AND PALLADIUM

M - V.M. GRYAZNOV, V.1 SHIMULIS, V.D. YAGODOVSKII
- Peoples’ Friendship University, '
named after Patrice Lumumba, Moscow, USSR

Abstract: The mass-spectrometric investigation of the gaseous products of ben-
zene vapour adsorption on platinum film at room temperature has shown the for-
mation of hydrogen and methane. In the uncondensable at -196°C products of '
cyclohexene conversion on paliadium film there has been found only hydrogen.
These results confirm the idea that the redistribution of hydrogen in the unsatu-
rated hydrocarbons is the combination of the dehydrogenation and hydrogenation
reactions. Besides these data reveal some peculiarities of the strong adsorption
of benzene on metal films. ’

o o et

[P

1. INTRODUCTION

" The investigations of cyclohexene, ¢yclohexadiene, benzene and cyclo-
hexane conversions on platinum and palladium films 1-12) have shown that
catalytic redistribution of hydrogen at room temperature and pressures less

- than 10-2 torr may occur as the combination of the dehydrogenation and hy-

N "~ ' drogenation reactions of the original hydrocarbon. In the course of these
A _catalytic processes there has been observed the educing of gas which did not

condense at the temperature of liquid nitrogen and contained hydrogen. The -

S PO hydrogen is also splitted at the strong adsorption which takes place during

the first contact of any studied hydrocarbon with fresh platinum or palladium
_ film. The splitting of hydrogen at the adsorption of benzene on the films of
g nickel, iron and platinum was observed earlier 13) but the data of gas anal-
o ysis are not presented in that paper. For further elucidation of the interac-

- tions between hydrocarbons and metal surfaces the mass-spectrometric in-

2. EXPERIMENTAL

The gaseous products of the strong adsorption of benzene vapour on the

- platinum film were analysed with the help of radio frequency mass spectrom-
eter (omegatron) which had the glass bulb *  The benzene vapour introduced
into the adsorption bulb and omegatron by molecular flow through the capil-

“§- -+ * These experiments were made with participation of T.N.Ovchinnikova.

1
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_lary cut off with gallium valve. The pressure of residual gases before the
experiment was about 2 X 10-7 torr on the air scale of ionisation gauge. The
peaks of residual gases, methane, benzene and krypton for calibrating of
the omegatron have been measured. It has been found that the relation Mle=

£ .. const/f between the M/e-mass-to-charge ratio of resonance ions and the
' o radio frequency f is fulfilled satisfactorily till M/e = 84.
" The mass-spectrum of benzene has been recorded at radio frequency
o voltage 2 V which was used in the work 14), This spectrum had peaks M/e =
0 : 74, 52, 39 except molecular ion peak. The decrease of radio frequency volt-

age to 0.8 V allowed to observe the peaks 51 and 50 too. Peaks 74, 52, 51, 50
and 39 are-the most intensive ones according to data 15), but the relative
) intensity of each of these peaks respective to the molecular peak is much

more in the experiments with the omegatron (see table 1). It seems likely

that peak 77 was not separated from peak 78. The relative intensities of the .

peaks_of methane mass spectrum have been found close to the data 15) (see
table 2). The intensity.of peak 14 has not been estimated because of the
presence of nitrogen admixture in methane. -

\. —
_ The mass spectra of benzene and methane have been recorded during
" the pumping of analysed vapour out of omegatron and adsorption bulb. How-

o ' 7 ~ Table 1
~ The most intensive peaks of the benzene mass spectrum.

S | ' Relative intensities
; | - This work
...} M/e | Roberts and
R A - . { Johnsenl15) immediately 10 min
S _ after admission | after admission
- | 78 | 1000 100 | 100
e, b1 184 - . -
S Tooe e T4 379 .| = 8 BT (T
. q S > sz - 17577 70 -
SR - 14.7 8. 460 -
; - 50 12.0 - 63 -
I ' TR S 118 60 428
w7 A ) . ’ | - - 4 - )
| S ' Table2 L )
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ever, it was desirable to make the analyses of small quantities of gaseous
products of benzene chemisorption without pumping out the omegatron. In
this connection experiments have been carried out with introduction of the
definite quantities of benzene and methane in the omegatron. ,
The necessary quantity of vapour was introduced with a help of capil-
| § _ lary. The speed of molecular flow through the capillary was measured for
T } ’ krypton whose adsorption on the glass walls of the apparatus at room tem- -
| - 'perature was negligible. The corresponding data for benzene and methane
have been calculated as W= Wiy /M/Mgy.
loe It has been found that the intensities of péaks 16 and 15 rise up linearly
\ '“ with the quantity of methane admitted in omegatron. The other result has
been obtained by letting in benzene vapour in the omegatron out off from the
' pump. Peak 78 dropped swiftly and peaks 1, 2, 14, 15, 16 rose. This indi-
] cated the decomposition of benzene probably caused by the contact with hot
2 metal parts of the working omegatron. This undesirable effect was dimin-
f ished by freezing the benzene in front of the omegatron at temperature of
liquid nitrogen. The introduction of benzene vapour into uncooled adsorption
. bulb without platinum film brought about the appearance of peaks 15 and 16
- in the mass spectrum of uncondensable gases. Special conditions for cooling
the low part of the adsorption bulb have been selected, and they prevent the
appearance of peaks 15 and 16 in the mass spectrum. Under these conditions
the opening of the magnet operated non-greased glass valve between the
.~ omegatron and the adsorption bulb with benzene vapour increased the inten-
1 - - sity of peak I alone. Therefore this procedure is good for revealing methane
L " if it appeared at the chemisorption of benzene on platinum film.
F The platinum film was sublimed into the adsorption bulb by electric
heating of platinum wire. The bulb walls had the room temperature, the
- _ pressure during the sublimation was about 5 X 10-7 torr and dropped to
' . 9 % 10™* torr after cooling the wire. The platinum film was transparent as
the ones used in previous works 5-9), its geometrical surface was equal to
100 cm2. The benzene vapour was introduced into the adsorption bulb im-
mediately after the film sublimation. During the benzene introduction and .
5 min after that the adsorption bulb had the room temperature. For the next o
40 min the low part of the bulb was cooled by liquid nitrogen. The cooled
part of the bulb was not covered with platinum film. The cooling continued
for 27 min more after opening non-greased glass valve between the adsorp-
tion bulb and omegatron for freezing the benzene vapour which could pene-
, trate into omegatron through the glass valve.
- "The mass spectrum of uncondensable at -1969C gaseous products of
L - "benzene adsorption on platinum film is presented in table 3. The pressure
LT m the system was 1.5 X 10-7 torr. Peaks 15 and 16 indicate the formation
. - .- of methane. It is interesting to note that peak 15 is somewhat higher than
A ‘peak 16 in spite of reverse intensity correlation in the methane mass spec-
trum (see table 2). The following records of mass spectra of the benzene
X ... . adsorption products have shown the regular change of some peak-intensities
_F - (seefig. 1). The extrapolation of straight lines for M/e = 15 and 16 in fig. 1
o * .-with the help of the data of table 1 permit to evaluate the amount of methane
. § 7«7 which has been formed before switching on the omegatron as 1014 molecules. :
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Tabie 3
‘ The mass spectrum of uncondensable at -1960C gaseous
| products of benzene adsorption on the platinum film.
1 Intensity | ,, Intensity M Intensity
! Mie | Sav | M| T@mn | M| @
i F] -
t g 1 64 8 12 16.5 7
| 2 23 12 2 17 6
6 1 14 42 18 2
W 6.5 3 15 37 28 48
- - 7 15 15.5 6 29 15
7.5 16 16 33 40 2

The detection of methane in gaseous products of strong benzene adsorp-
tion on platinum film made us verify whether methane formed during the )
catalytic redistribution of hydrogen in cyclohexene and cyclohexadiene. Pal-

| ladium is a better catalyst for these reactions than platinum and the mirror
_ palladium film was used in the éxperiments with cyclohexene. The proce-
dure of film sublimation was similar to the described above, the reaction
bulb had the same size as the adsorption bulb used in the experiments with
platinum film and benzene. The cyclohexene vapour was admitted in the re-
action bulb with fresh palladium film till the pressure was about 0.1 torr and
was heated during 15 min at 50°C. In accordance with the previous data 6, 9)
the uncondensable at -1960 gas was found in the reaction bulb. The pressure
. of that gas was close to 3.9 X 10-3 torr. The gas was introduced into the
ionisation region of MX-1302 mass spectrometer through the needle valve.
The speed of gas introduction was permanent in all the analyses and in the
course of calibration on hydrogen before sublimation on the palladium film
on the walls of reaction bulb. Mass spectrum of uncondensable products of
.‘cyclohexene conversion coincided with the hydrogen mass spectrum, the
pressure dependence of peak 2 intensity (black circles on fig. 3) was very
close to that for pure hydrogen (light circles). Thus methane has not been
found in the gaseous products of cyclohexene conversion on palladium film.

20,

i - -
Jmv -

- B ’ 7 ..

" e ~ - 19
& 18
. o o

- Fig 1. The &ependencé of peé.ks intensities of mass spectrum of
e gaseous products of benzene adsorption on platinum film on -
PR - the time after this products admission into omegatron.
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Fig. 2. The pressure dependence of peak 2 intensity for gaseous
products of cyclohexene conversion on palladium film
(black circles) and for hydrogen (light circles).

3. DISCUSSION

The detection of methane in products of benzene adsorption on fresh
platinum film throws light upon the mechanism of interaction between ben-
zene molecules and metal surface. There are some data 16) about formation
of methane at high temperature hydrocracking of hydrocarbons on iron, co-
balt and nickel catalysts. For high temperature the mechanism of methane
formation from the elements was proposed in paper 17). The main role in
that mechanism was ascribed to the external C atoms of graphite cristal
lattice. It was supposed that the hydrogenation of double bonds between such
atoms led to breaking these bonds and forming of pairs of CH3 groups linked
to neighbouring '"benzene'" elements of graphite net. This scheme was
used 18) for explanation of kinetics of methane formation from the elements.

The strong adsorption of benzene molecules on platinum with partial
splitting of H atoms is probably connected with appearance on the metal
surface of peculiar radicals which are bound with metal atoms. The hydrogen
being released may join adsorbed benzene molecules. As a result of such

redistribution of hydrogen among adsorbed molecules there appears a whole

geries of products, and it is quite possible that tensions oceurring in rings,
connected, in situ of splitted H atoms, with several metal atoms, condition
a deep destruction. Among the products of this destruction one may expect
methane and CHj radicals. The last assumption conforms with reverse in-
tensity correlation of lines 15 and 16 than the usual one for the methane
mass-spectrum. '

The increase of methane and hydrogen formation with contact time of

.benzene and platinum film may be caused by displacement of the adsorbed

-

benzene molecules along the metal surface. The molecules previously ad-
sorbed in the places of low adsorption potential pass to the strong adsorp-
tion centres where the destruction can occur. Such displacement of benzene
molecules takes about 10 min at room temperature 4). The cooling of the

-
-
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low part of the adsorption vessel by liquid nitrogen may decrease the tem-
perature of platinum film under 200C and therefore moderate the mobility of
adsorbed benzene molecules. This explanation is not the only possible one.
The question about the methane formation at the strong adsorption of
‘cyclohexene is to be solved by special investigation. In the above exper-
o _. ments the cyclohexene pressure was comparatively high and the catalytic
S 7Y . . dehydrogenation could make the detection of strong adsorption products dif-
X " ficult. - i
"7 In considering the mechanism of catalytic redistribution of hydrogen in
o unsaturated hydrocarbons on carbons 9, 11 12) the essential point was the
evaluation of quantities of uncondensable at -196°C gas which was taken for
hydrogen. This assumption is confirmed in this paper. It is a new argument
in favour of the idea that the hydrogen redistribution in hydrocarbons on N

PR metal catalysts is the combination of dehydrogenation and hydrogenation re-
. actions but not a one-stage process.
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SY’STEMATIC-S-TUDY OF FACTORS INFLUENCING THE
. SELECTIVITY OF DECOMPOSITION REACTIONS OF
ALCOHOLS ON PURE AND SUPPORTED MIXED OXIDES

.- - . LBATTA, 5.BORCSOK, F.SOLYMOSI and Z.G.SZABG

. Institute of Inorganic and Analytical Chemistry,
University of Szeged, Szeged, Hungary

. Abstract: To contribute to the problem of selectivity, kinetical parameters of
i the decomposition reactions of isopropyl alcohol, depending onthe procedure of
a ) 3 preparation and the poisoning of the catalyst, were measured as accurately as
i : possible. The poisoning was achieved not only with cations, but with anions,
i too. A verv marked change in selectivitv was caused already by a relatively
; - " small amount of sulphate ions, since in their presence the dehydration reaction
became dominating. Special care was taken to establish a correlation between
the electric properties and catalytic activity. Considering the other experi-
B R ' . mental data also it can be stated as a rule that the more ionic a character a

g catalyst oxide possesses, the more it dehydrogenates, and the nearer the oxide
approaches the covalent character, the greater is the dehydratmn

'~ . 1. INTRODUCTION . ' T
In this paper we summarize the results of experiments on the catalytic ‘
 decomposition of isopropyl alcohol on zinc oxide. The catalytic decomposi-
tion of isopropyl alcohol may be twofold: dehydrogenation and dehydration.
The process - as we shall see - goes under certain conditions in both
; o directions on zinc oxide, too. Thus the study of this catalytic reaction
S renders a suitable model for the investigation of the problem of selectivity.
b The reaction belongs to type II of Wheeler's classification.
) - Literature contains numerous experimental data on the catalytic de-
P - composition of alcohols on zinc oxide. The overwhelming majority of
v " authors regards zinc oxide as a dehydrogenating catalyst. However, there

. are diverse opinions concerning the mechanism of dehydrogenation and selec-

i
{', tivity, respectlvely None of these have so far rendered a generally accepted
C theory. The mechanism as suggested by Eucken 1) and Wicke 2) is based
_ : - on geometrical viewpoints and really a great many of the experimental
1. - . -facts are in accordance with the deductions drawn from this view. For
% - example, the deuterium content of water formed in the detwdration of al-
- % L cohols increased when the surface of the oxide was covered with deuteri-
|
]

um 3).. Further the geometrical view is supported by the experimental
_ facts, too, referred to by Marsh 4), namely that with several oxide cata-
_ lysts, whether previously preheated or not, the same selectivity factor

e e o £ 22 Al mnbnlewdla dansmasmamibioam Al AlanrhAala AwmAd A8 8
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Another standpoint is taken by Schwab 5). According to him catalysts
treated at high temperatures are dehydrogenating while those treated at low
temperatures dehydrating. The difference comes from the surface condi-
tions. Catalysts formed at high temperatures are dense, have smooth sur-
faces and dehydrogenation takes place on them in one-point adsorption,

 while catalysts prepared at low temperatures have large surfaces and de-
hydration occurs in the pores according to a two-point adsorption. - '
Wheeler 6) has given considerable support to Schwab's theory when pointing
out theoretically the correlation between the pore structure and the activity
of the catalyst, what influences the temperature coefficient, the kinetic
order and the poisoning characteristics, and hence the selectivity of the .
catalyst. For selectivity type II, studied by us, the rule is generally valid
that reactions taking place at low pressures are accelerated by catalysts
with small pores, those operating at high pressures by catalysts with large
pores.

However, since Wheeler in his theory considers geometrical factors

_ only, such as pore size, his results, though being very interesting and
= ~ valuable for experimental purposes, do not give satisfactory solution con-
: "cerning the mechanism, i.e., the sequence of elementary processes of the
chemical conversion. Namely, it is not substantiated how the reaction is
influenced by the material of the catalyst (supposing the same surface
characteristics). . '

Another possible interpretation of selectivity is rendered by Hauffe's 1)
theory when discussing the role of the electronic factor in the alterations of
selectivity, so successfully applied in the theory of catalytic processes on
metals and semiconductors. - .

‘ ‘In our own experiments we have started from the observation that the
selectivity of Al2O3, applied widely in the dehydrogenation of alcohols, is
_different in the case of oxides prepared from nitrate and from sulphate by
-~ precipitation. Our experiments were aimed at studying how the activity of
" pure n-conductor zinc oxide, a dehydrogenating catalyst, can be altered so
that it also operates as a dehydrating agent.

.8 - 2, EXPERIMENTAL

, 2.1. Apparatus | )
: . Catalytic decomposition reactions were carried out in the so called open
’ : Schwab reactor modified by us 8). The evaporation of alcohol at a constant
i';ite, i. e., the constant feed concentration was assured by constant tem-
- - perature adjusted by an ultrathermostate. Catalysts were applied in the
: - form of small grains of pellets. The stream of aicohol vapour penetrates
B _ the catalyst layer from top downwards. The rate of the catalysed reaction
was controlled by soap-bubble flow-meters after condensing the products
. " boiling above 0°C in a water cooler. The first flow-meter controlled the
%. - . total amount of gas. Thereafter propylene was frozen out by liquid air,

" thus the second flow-meter indicated only the amount of hydrogen, i.e.,

" vooe
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the rate of the dehydrogenation reaction. | - -

-

2.2, Preparation of catalysts
‘Catalysts used in our experiments were all prepared from the same
_sample of zinc oxide. Zinc oxide was dissolved in either c.p. nitric acid -
or in a mixture of c.p. mtnc acid and ¢. p. sulphuric acid of various ratios. ‘
\ . .Then the complex [Zn(NHj3)g]2* salt was formed with excess ammonium
} ) hydroxide. Zinc¢ hydroxide was. separated by boiling this solution and by
-} .+ .- - expelling the ammonia. The precipitate was dried, decomposed at 400°C
[ . while slowly raising the temperature, and tempered for five hours at 500
or 800°C, .respectively. These were the catalysts prepared by coprecipita-
o . -tion. In case of catalysts prepared by suspension, zinc oxide was suspended
T "in a solution of certain amount of zinc sulphate, phosphorus pentoxide, boric
Lo " acid and zinc chloride, then dried and treated at 500 or 800°C, respectively.
I The sintered catalysts were powdered and compressed into pellets. The
" surface of the ready catalysts was determined by BET method from the
L . adsorption measured at the temperature of liquid nitrogen. Electric
v .- resistance was measured on tablets pressed between platinum plates, in a
- vacuum apparatus at different temperat:ures, first in oxygen, then in vacuo,
'm hydrogen and in oxygen agam.

. - x . - . N . :’.
. R - - T P - . HERY

TN .

s RESULTS‘

. R . - N ‘ l o : N X ~
S _' . Our experimental data do not allow us to make a decision between’ the
- F . .. two points of view referred to in the Introduction as they support both ‘,_“ -
. p- - < -considerations in certain aspects. SaalE
= “The poisoning with cations of higher or lower valency, and thlS is what
LT _'increases ordecreases the electron conductivity, only influences the de=

N hydrogenation reactions so that it changes the energies of activation but not
feT s o the- Selectivity 9).. When different amounts of sulphate ions were added to
y . zinc oxide and the catalyst and treated exactly in the same manner.as in

4oL . case of pure zinc .oxide, catalysed the dehydration reaction to a marked
. extent: This experimental result may give rise to the problem of poisoning

| . Y. 'with anions. To this end we attempted to poison zinc oxide with other anions.
) 5}}‘ S In the ‘case of phosphate and borate," although a slight decrease of the

. _ '-selectit_zity factor was observable {by selectivity factor we mean the ratio
© G+ . - of conversion towards dehydrogenation and of total conversion) the effect

"' ... Was far-weaker than that due to the sulphate. No effect was observed when
- p.= . silicic acid and chloride ions were added: .The latter-can be ascribed to the
'-y-'.';:._'i:f_ . fact that at the’ temperature of the experiment zinc chloride. is too volatile

-.* ‘and 8o the chloride content: diminishes appreciably .during pre-treatment.
7T.= . Table 1 shows that by increasing the SOg3 content the energy of activation of
- “-. thé total conversion changes considerably, the energy of activation of the

X = dehydrogenatlon reaction mcreases, wh11e that of the dehydration reaction

M
¥

r_..i T
. P

ety
e
1.

L‘; - o 'decreases J :
IR . BET measurements showed that by the addmon of sulphates the surface o7
. ‘-.‘.‘.'.h'} of zinc ox1de is markedly enlarged The compact catalyst changes mto one
N AR :i~ - e .
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’ ‘ S . . Tablel . Lo ‘ ’ S
sl values of catalytic sotivity, surface area and resiativity for various specimens. A g
T catalyat “analysis, | total ac~.|sur- spocific ] aselectiv-(Eioial keal En, plohm cm)*| E
. T | molehof | tivity, uge aotiv- ity keal mole-1 ceal | %* 840°C- . |ke 1
T : '] potscning _V(H3+Pq) m /f‘ :,ty VHz . |mole} mole~! |mole
: ’ ml min~} (Ha+Pr) V(Hy +Pr) ’ '
. g lat . ml min"1} o
N $o00°C | m2 ¢
. coprecipitated,, treatment at 500°C
+- - v for 5h. -
. - 1.08 7.6 ] 0.14 93-97 | 22.2 | 22.4 - [e.s-108(03) | 171
0.2% 809 0.32 8.0 |.0.085 3645 34.0 33.6 33.4 [3.9.(Hp) .
2.2% 804 0.85 ..|25.9 ] 0.034 39-50 31:9 27.8 32.6 a
3.8% 803 1.99 121,1 ] 0.094 g-15 |s11 | - 21.2 |3.1-106(02) | 20.4
coprecipitated, treatment at 800°C 1183 (H2)
. ) for 5h. - :
- 1.27 8.2 | 0.21 80-98 21.0 21.4 29.2 l0.863. 105(02) 11.2
o ! ]  [19.3(Hy)
0.2% 803 0.87 + | 6.9 | 0.097 - 80-92 24.3. 25.4 28.3.
1. 9% 803 0.38 27.8 | 0.014 33-50 31.0 30.2 44.7 .
3.3% 803 0.26 18.8 | 0.014 20-28 41.6- | 36.8 37.4 |s52.9. 108(02)| 21.8
, suspended, treatment at $00°C for5 h 365 (H2)
.y 3.57 12.9 | 0.28 89-986 26.0 23.8 -
0.1% 803 0.88 20-30 37.4 24,5 41.2 i
1. 0% SO 1.17 10.4 | 0.11 8-10 31.7 - 31.17
1.0% 33%3 3.85 | . 89-94 |27.9 | 29.5 -
5.0%B,03| 3.58 |[16.4]0.22 03-99 [21.3 | 24.0 -
0.24% Cl 8.3 ' 88-92 30.7 31.5 -
* ZnO+P,0g 1.0% Py05| 1.37 . |e4-e8 [225 | 313 -
. ’ _ suspended, treatment at 800°C for 5 h. *
.10 | ZnO+B,0g 1.0% ByOg| 2.81 : 95-100 | - - |- ‘
151 | ZnO+Py05 - 1.0% PaOs| 1.01 86-96 |34.1 ] 28.0 -
154 ZnO+P. 05 ; 5.0% P. 05 1.64 92-100 28.8 217.3 -
163 | ZnO+8 2.0% 8 2.31 96-100 29.8 29.3 -
54 | MgO (500°C) - 0.20 96-100 ' | 27.0 | 26.8 -
16 Mgo+soa(so(r;00) 0.6% SOs 0.23 , 91-84 |27.4 | 26.8 - X S |
165 | ZngP207 (400°C) - . 1.0 0 - - |s3.4 : : :
17 | ZogPp0q (800PC) - . | 0.19 . [17.0 0.031 0 - - |sno . STAT
18 | znSoq (400°C)| - 9.3 : 0 .- - 41.0
.- . X dotermined in 100 mm Hg oxygen or hydrogen, resp.
< | XX getermined in 100 mm Hg oxygen .
Pr - propylene .
- -—
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' the rate of the dehydrogenation reaction.

2.2. Preparation of catalysts

Catalysts used in our experiments were all prepared from the same
sample of zinc oxide. Zinc oxide was dissolved in either c.p. nitric acid
or in a mixture of c.p. mtrlc acid and c. p. sulphuric acid of various ratios.
Then the complex [Zn(NHg)g ]2+ salt was formed with excess ammonium
hydroxide. Zinc hydroxide was separated by boiling this solution and by
expelling the ammonia. The precipitate was dried, decomposed at 4000C
while slowly raising the temperature, and tempered for five hours at 500
© - or 800°C, respectively. These were the catalysts prepared by coprecipita-
' tion. In case of catalysts prepared by suspension, zinc oxide was suspended
l in a solution of certain amount of zinc sulphate, phosphorus pentoxide, boric

The sintered catalysts were powdered and compressed into pellets. The
surface of the ready catalysts was determined by BET method from the
adsorption measured at the temperature of liquid nitrogen. Electric
resistance was measured on tablets pressed between platinum plates, in a
vacuum apparatus at different temperatures, first in oxygen, then in vacuo,
in hydrogen and in oxygen again.

-

: 3. RESULTS

Our experimental data do not allow us to make a decision between the
two points of view referred to in the Introduction as they support both
considerations in certain aspects.

_ The poisoning with cations of higher or lower valency, and this is what
increases or decreases the electron conductivity, only influences the de-

t hydrogenation reactmns so that it changes the energies of activation but not

‘ the selectnnty . When different- amounts of sulphate ions were added to

o zinc oxide and the catalyst and treated exactly in the same manner as in
case of pure zinc oxide, catalysed the dehydration reaction to a marked .

| extent. This experimental result may give rise to the problem of poisoning

k with anions. To this end we attempted to poison zinc oxide with other anions.
In the case of phosphate and borate, although a slight decrease of the
selectivity factor was observable (by selectivity factor we mean the ratio

J’ .~ of conversion towards dehydrogenation and of total conversion) the effect

.l“ was far weaker than that due to the sulphate. No effect was observed when

silicic acid and chloride ions were added. The latter can be ascribed to the
- fact that at the temperature of the experiment zinc chloride is too volatile
and so the chloride content diminishes appreciably during pre-treatment.

; " Table 1 shows that by increasing the SO3 content the energy of activation of

1. ~  the total conversion changes considerably, the energy of activation of the

. . dehydrogenation reactlon increases, while that of the dehydration reaction

' “decreases. '

o BET measurements showed that by the addition of sulphates ‘the surface

B S of _zinc ox1de is markedly enlarged. The compact catalyst changes into one
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Fig.1. Arrhenius plot of one exp. of isopropyl alcohol

decomposition on ZnO + 2.2 mole % O3 catalyst

' sintered at 500°C for 5 h.’
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.inipprtant difference must be emphasized here, namely that the marked

“. ijncrease of dehydration, i.e. the decrease of the selectivity factor due to
> ‘poisoning with 503, .is not wholly the resuit of poisoning of dehydrogenating
. centres. At the same time the dehydration centres remain active since the

specific activity of catalysts poisoned with sulphate ions increases for the

" > deéhydration reaction in absolute value. Therefore the case is not that the
- dehygiro'genation centres being covered no longer take part in the process
- and dehydration becomes more apparent.

.. Variations in the electric conductivity due to poisoning with sulphate
ions have also been studied, namely in vacuo, in oxygen and hydrogen

. atmospheres, and at the same time the energy of activation of conductivity

has also been taken in each ambient atmosphere. No very marked differ-

- ences were found.

‘This statement is against the effect of the electronic factor, but it is

B in accordance with Schwab's conception. Anyway, we are of the opinion

that the electronic factor cannot be entirely left out of consideration, as it-

is shown by changes in the selectivity factor of the decomposition of formic '
) ;. "acid-on a number of other oxides, poisoned with various cations 10).. On
. n-conductor titanic dioxide the selectivity of decomposition of formic acid

L - is shifted towards dehydration when as a result of poisoning the electron
. ‘ S .-_co'ncentration’ decreases. On the contrary, at p-conductor chromic oxide
B fovtyop . witha decrease in the number of electron holes the rate of dehydration
g ,{ {17, reaction also increased. Thus both on p- and #-conductor oxides, when the
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Fig.2. The dependence of specific resistivity on temperature.
- ' 1. ZnO (sintered at 500°C for 5 h)
2. Zn0 + 3. 8 mole % SO3 (sintered at 500°C for Sh)
X, A upwards in oxygen
" @, 0 downwards in oxygen

oonductivity of the catalyst decreases, the dehydrogenation reaction is
shifted to the second plane.
The structure of catalysts and the building-in of poisoning ions, respe(
v§ tively, was controlled by X-ray examinations.
’ The sulphate ions penetrate the zinc oxide lattice very easily but other
. - poisoning anions do not. This is in accordance with the observation that
e " the latter ions do not affect the selectivity.

-

4. DISCUSSION ’ : | LT -

. Taking the experimental data above into account we think that it would
be erroneous to regard the geometrical factor to be the only significant one
in the determination of selectivity. The function suggested by Eucken

(radius of the <:at1on)3
(mole - volume per oation)(charge of cation)

=

-

- .
- . . - . . - N - PN ) PR
- . “ . . .
-
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" is, perhaps, correct basically, but the deductions made from it are wrong,
if the size of the cation, as in Balandin's multiplet theory, is regarded as
- an independent variable of the catalytic efficiency. The scattered experi-
;- - mental data does not ‘allow that Eucken's function should be regarded valid
o . strictly, with.respect to the exponents. However, regarding that the ratio
) "~ of the valency of a cation and its radius gives the polarizing power, then the
' changes of selectivity can be related to the character of bonds in the cata-
lyst. Namely, the greater the polarizing power, the more covalent will be
the bond formed and the greater the dehydration. In case of low ionic charge
- . and large size the bond between the closely or almost closely packed oxygen
» - -~ -ions and the cation is more ionic in character. Oxides of more positive
' metals are dehydrogenating. Therefore it can generally be said that the
more ionic a bond an oxide possesses, the more strongly dehydrogenating
. o " it is and. the nearer it approaches the covalent bond character, the more
. dehydrating it is. Knowing this it is obvious that the selectivity factor is
not determined by the n- orp- conductmg characteristics of sermconductor
oxides, but by the nature of oxygen-cation bonds.

The variation of selectivity due to the basic or acidic character of
oxides can also be interpreted so that the strength of the hydrogen coupling -
to non-deformed (oxides of more positive metais) and to deformed (acidic
oxides) oxygen ions isconsidered. In the first case the hydrogen coupling
is strong, i.e., we shall have dehydrogenation and in the second the hydro-

. . gen coupling is weak, but a strong hydroxyl coupling becomes possible,
_ consequently dehydration takes place.
- g Although data on the selectivity factor are rather scattered the
' following series of oxides can be written:

Dehydrogenatlon

e CaO MgO Zn0 FeO- Fe203 Cr203' TiOy AlyO3 S§i0; WOj3

R : Dehydratmn

_ This cla.ssmcatxon, a.lthough from a dlfferent point of view, to some

L L . éxtent has a similar content to Schwab and his coworkers' statement on the
o " role of Lewis-acids and Broensted-acids 11},

| _ ) -That here-the electronic state of the oxygen ions is a controlling factor

I -1 proved also by the data obtained on ZnSO4 and ZngPO4. In these salts

Lo " . the oxygens exhibit covalent character and thus the catalytic effect is com-

. T ~ pletely a dehydrating one.

' " The Authors express their thanks to Mr. K. Jdky and Mrs. E. Takdcs
‘ " .7 for their valuable assistance.
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- | SELECTIVE HETEROGENEOUS CATALYTIC OXIDATION

b, OF HYDROCARBONS
L L IOFFE
P Inshtute for O'rgamc Semi-Products and Dyes, Moscow
and v

L. Ya. MARGOLIS
k ’ - . Institute of Chemical Physics, Academy of Sciences, Moscow, USSR

Abstract: The kinetics of selective heterogeneous catalytic oxidation of hydro-
. ' carbons with molecular oxygen ig a function of two factors: of the site where a
hydrocarbon molecule is attacked with oxygen, which depends on the sum of
crystalline, complexing and semiconducting properties of the catalyst, and of

the ratio of adsorption to description rates for all intermediate and end-pro-
ducts of the reaction.

4 . - Investigations were made on the vapour- and liquid-phase oxidation of ole-

- fines and aromatics, on simple and complex oxide systems containing vana-
dium, molybdenum, tungsten, copper, chromium and bismuth oxides, and also
on silver and platinum catalysts. The phase composition of catalysts was stu-
died by X-ray analysis, ESR spectra were interpreted, and the electrophysical
properties of catalysts were investigated in vacuum and in the reactant medium.

The oxide catalysts were found to be o ~ and n— active. The former are re-
sponsible for breaking of CH bonds, and the latter of C=C bonds. The type of

" - activity is a function of electronic structures both of individual cations and of
. the whole solid crystal.

For-all systems studied oxidation proceeded by a pa.rallel-consecutwe
scheme. . :

o . B
' 1. INTRODUCTION , : :
o ' Successive development of the catalytic oxidation of hydrocarbons depends -
on the working out of a proper theory, the determination of the nature, of
, I“j_ . elementary acts and the relation of these to the catalyst surface properties.
r - Intermediate steps of heterogeneous reactions proceed on the catalyst
' . surface. The catalytic process of organic oxidation may be conceived as a
o chain of conversions the route of which is determined by the site of oxygen
‘ : attack on the molecule. Consequently the problem of selective catalytic oxi-
‘ 1 dation is essentially that of determining the probable site of oxygen inclusion
. . into organic molecules of various solids.
L ~ Hydrocarbon oxidation involves the following steps:
-~ ...~ 1, Transier of electrons from the hydrocarbon molecule to the catalyst (che-
' : misorption of the hydrocarbon).
2. Transfer of electrons from the catalyst to the oxygen molecule (chemi- -
sorption of oxygen).
3. Interaction of the charged particles formed (a radical, an 1on-rad1ca.1 or
S a complex) yielding the oxidation products

Declassmed in Part - Sanitized Copy Approved for Release 2014/03/04 . ;STATT
CIA-RDP80-00247A004200070001-6 =~ - - =i oo vl e




Declassified in Part - Sanitized Copy Approved for Release 2014/03/04 -
CIA-RDP80- 00247A004200070001 -6

4. Desorption of oxidation products.

_ The oxidation catalysts should possess two properties: that of forming
acceptor -donor bonds with organic compounds and oxygen, and that of trans-
ferring electrons from one reacting particle to another. The mechanism of
electron transfer may be different for various types of solids.

2. METAL OXIDES
In.order to establish the dependence of certain hydrocarbon oxidation
. rates on the electronic properties of a surface and on metal structures, the
authors, together with Lyubarskii, Ezhkova, Krylova, Kazanskii arfd ésaev,
have investigated a number of oxide catalysts in various reactions -
The characteristic data on catalysts is given in table 1.

Table 1
| . _ Characteristic data on oxide catalysts.
' | Composition |.-
) . Catalyst atomic S\;‘%ﬁ;cé
B ' percentage g .
VaOg + MoO3 | 0to250fMo| 1 t02.0
30to 80of Mo} 1 to2
Vo055 +Cry05 | Oto80ofCr | 1 to2
1 V905 +C0203 | 0to800fCo} 1 to2 -
VoOg + Po0Op Oto 70 of P 1 to2
V905 + Lig0 0to500fLi | 1 to2Z -
MoOg + BiO5 | Oto80of Bi | 1.4t01.5
_ | WO3+BigO3 | 0to80of Bi | 7.0to 8.0 -
| - .-~ . | V905 + BigO3 | Oto43of Bi | 2.6t02.8
. [ VyOg+ PgO5 | 0to43ofP | 2.6t02.8 .
- M003 + P205 Qto43 of P 1.0t0 1.2
: . WOg + Po0Os5 0to43 of P 2 tol2
i

. - ~ .© It was shown by X-ray analysis that mixed catalysts (excluding oxides
A involving pure V9Og and MoO3 may be divided into two groups: solid solu-
- tions and compounds. ‘The results obtained on the phase composition of the
. metal oxides studied are summarized in table 2. Certain oxide systems
-were studied earlier by other investigators *~'/, but their results are not
always consistent with those obtained by the authors of this paper.
The phase composition of catalysts was determined by X-ray analys1s
. in a PKD chamber, using a chromium anode (kg-irradiation).

The activity of catalysts was studied from the kinetics of benzene and
propene oxidation in flow-circular and flow apparatus 8,9) with respect to
the benzene yield in maleic anhydride, and from the constants of acrolein
formation rates with respect to propene. Selectivity was determined from

: .- the amount of the main oxygenated product yielded by the hydrocarbon.
i s The structures were investigated from ESP spectra, using a technique
{' - described before 10); '
- . The electronic prOper'ties of a sur.face (the electron work function ¢}

; . -
- - - . . . - [
A 1 - . . P s
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} " were determined from the contact potential difference catalysis and standard
‘ electrodes measured by means of the vibrating condensor technique using an
apparatus the schematic view of which was given previously

STAT

‘Table 2 : -
‘ ‘Phage composition of mixed oxide catalysts.
' - Composition ,
! Catalyst atomie Phase composition
\ ; _ percentage -
' _ V505 + MoOg | 01030 of Mo solid solution
V505 + MoOg j 30to 50 of Mo : V MoOy
V505 + CryOg 0to 50 ofCr VCroOy4
VZO + 0020 0to 30 of Co V905 + CoaVoOq
V20g + Cog0g | 30 f0 50 of Co |Vg0g + Cog0y + CogVoOrq
V505 +. P205 Oto 3.50fP : solid solution
V205 + PyO5 [3.0t050 of P VPO
Vy0s + Lig0 | 0to50 of Li LiVO,
Bi203 M003
‘ MoOg + BigO3 | 01050 - : BisOg. 2MoO3
‘ . ' BigOg 3MoOg
' - } : B1 O WO
. | WO+ Big03 | 0 to50 { Béog WO

The activity and selectivity of mixed oxide catalysts were correlated

. _with their electrophysical properties and structures. Following were the
\ results obtained. -

! 2.1. Omdatzon of benzene to malezc anhydnde
The maximum activity of a mixed vanadium- molybdenum catalyst corres-
ponds to the solubility limit for molybdenum oxide in vanadium pentoxide.
The selectivity, the work function variations and the intensity of ESR signals
3 characteristic of the concentration of V4* ions in the V905 1att1ce were ob-
e served to change in the same sense (fig. 1).
A small increase in the catalytic act1v1ty of V505 is observed for a
S vanadium-chromium catalyst in the presence of minor amounts of Cr203
' . (about one molecular per cent of Cr9O3) the activity and selectivity of the
catalyst changing again in the same sense (as in the case of the V205
+ MoOg system).

Addition of more than one percent of CryOg will decrease the activity
and selectivity of the catalyst (fig. 2).

With mixed vanadium-chromium catalysts two ESR signals are observed ,
simultaneously: a broad signal (6 = 400 gauss) and on the background of it a
narrow one (5 = 150 gauss) (fig. 3). The narrow line may be ascribed, by
"analogy with the V + Mo system, to * jons appearing in the solid solution
of Cr9Oj3 in V505. The intensity of this signal is consistent with the cata-
lytic activity and selectivity.-

The catalytic activity, selectivity and electron work function of this
system change in the same sense as for the V205 + MoOg system. When the
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Ly e F‘ig 1. V205 + MoOg system. ‘

I. Activity. Molar percentage of maleic anhydride
- with respect to amount of benzene.

2.Selectivity, Percentage with respect to the benzene reacted. -
3. Ag in vacuum at 20°C (eV).

" 4. A after treatment with a benzene-air mixture at 3000C (eV).
5.Content in v4+ after contact with the catalyst.

value corresponds to the maximum selectivity of the process.
B " Addition of cobalt oxide to V5O5 will decrease the activity and selecti-
. vity of the catalyst; the work function value will also drop, though a small
_ increase inAg would be observed with addition of 1% of CopOg, the reaction
. selectivity remaining unaffected (fig. 4). The V405 + Coy03 system shows
y. L no ESR signals.
g T Investigations on the activity of vanadium-phosphorus catalysts in the
’ ' oxidation of benzene to maleic anhydride have shown that the influence of
" P90s is negative. With an increasing content of P9Og in V505 the activity
and selectivity of a sample show a monotonic decrease.
ESR signals from vanadium-phosphorus catalysts involving more than
_ 5%-of P9Og represent a single line of about 200 gauss. With increase in
.. P0g the intensity of ESR signals becomes higher. A correlation with X-ray
o data shows that the signal is due to formation of a chemical V205 + P205
compound :
= ) The addition of P3O also decreases the electron work functlon, as well
_ ; as the activity and selectivity of the catalyst. Only at phosphorus concentra-

: cataiyst surface is treated with a benzene-air mixture, the maximum A¢

. tions up to 5%, when a solid solution is possible, the Ago value will increase

- \ - -
g . . .-
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Flg.-2 V205 + Crg903 system :
1.  Activity. Percentage of ma.le:c anhydrlde with .
- respect to the amount of benzene. c-
. 12, Selectivity. Percentage with respect to ‘the benzene rea.cted. '
3. Ag in vacuum at 20°C (eV). ,

. - - 4. A@ after treatment w1th a benzene-air mixmre at 300°C T
- ,

- Fig 3 ESR Spectra of va.nadium-chromium camlysts —
S gy Composition: 5 mol% of Crp03 + 95 mol% of V504.
& b) Composition 50 mol% of Cr203 +50 mol% of V203

- ‘.». . i B . : - -

by 0 1 eV w1thout changmg the characteristws of the catalytxc process
y .. A change in the catalytic activity of V9Og with addition of L120 in benzene
i ;.' oxidation to malelc a.nhydrnde resulted in a monotonic decreasein act1v1ty and

,.' ~ . St
e o \'.(-_' :
3
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Fig 4, Vo205 + 00203 gsystem.,
1. Activity. ‘Percentage of maleic anhydride with respect to
~ the amount of benzene.
2. Selectivity. Percentage of maleic a.nhydnde with respect
. to the benzene reacted. _
- - 3. Ag in vacuum at 200C (eV). '
- o . 4, Ag-after treatment with a benzene-a_r mixture at 300°C. (eV)

- selectivity. ESR signals mcreasmg in intensity with a greater amount of the
subs nce added are observed for the V Og + L1 O system. These are due
e . to V?* jons in the chemical compounds ?ormed by interaction between V905
BN and oxides of alkali metals.
- - A monotonic decrease in the work function with 1ncreasmg amount of LigO
L . - is observed for the V905 + LigO system, and, consequently, the act1v1ty and
P - work function will change in the same sense.

. A 2.2. Oxidation of propene to acrolein
Vo , The oxidation of propene to acrolein 12) yver vanadium and molybdenum
~ oxides was investigated earlier and the rate of acrolein fromation was shown
to decrease continuously with increasing concentration of MoOg in V90s.
Variations in the selectivity of propene oxidation and in the electron work
. -function depending upon the composition of mixed catalysts, MoOgq + B1203
.- .and WOg + BigO3, are shown in fig. 5. The maximum selectivity corresponds
* to maximum increase in the work function. The electronconductivity builds
o up in a way similar to that observed”for the work function. It was shown by
R X-ray analysis of these systems that BigO3MoJO;, Bi L3 2MoG; and
’ '- N and B1203 3MoO3 compounds were formed within the range of 0to 40 % of
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_Fig. 5. Variations in the electron work function (¢, eV) and selectwity
percentage (5) as a function of the composition of bismuth molyb-
denum and tungsten catalysta
a) S1<Bi+ Mo 2 - Bi +W

A@l - Bi + Mo 2-Bi+W.

the 31203 concentration in MoO,. Propene oxidation over V9O ylelds acro-
lein, saturated aldehydes and acids, Cog, and HyO. The addition of bismuth
oxide results in a lower catalytic activity, but the relation between the rates
of formation of acrolein and saturated aldehydes from propene remains al-
most unchanged. With a bismuth-vanadium catalyst the rate of formation of
acids is lower (43% at Bi in V90g). Vanadates of various structure were found
to form in the presence of BijOs.

The formation of new compounds was established by X-ray analysis of
V205, MoOg, and WO3 systems in the presence of P2Os5. The selectivity of
propene oxidation over vanadium, molybdenum, and tungsten phosphates in-
creased with decreasing specific catalytic activity. The activation energies
for COy formation were by 8 to 10 kcal/mole lower than for pure oxides. An
interesting feature of the V9Og3 + P90y system is a change of the oxidation
route, due to suppression of reactions induced by breaking of the double bond
in a proqg e molecule. Similar observations were made by Kernos and Mol-
davskii ~“/for the oxidation of butenes to maleic anhydrlde over phosphorus-
vanadium catalysts.

. The addition of various compounds to oxide catalysts is known to change
the selectivity of oxidation of unsaturated hydrocarbons. Modifying additions
increasing the work function and displaying a highed electronegativity than
that of Cu20 v_vill increase the selectivity of propene oxidation, while an oppo-
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site effect would be observed with additions decreasing the work function.
Catalysts with a higher ¢ value will show greater coverage with positively
charged propene, as compared with CupO, while increased coverage with

negatively charged oxygen will be characteristic of catalysts with a lower
@ value. '

-

3. METALS

. . Platinum, palladium, copper and silver are the most widespread metal
) catalysts for oxidation. Complete destruction of the hydrocarbon molecule
skeleton to COy and HgO will be observed in the gas -phase oxidation of hydro-
carbons over these catalysts. Silver is the only active catalyst inducing in-
complete oxidation of ethylene to ethyleng oxide. Investigation of oxygen ad-
sorption and of oxygen isotope exchange ) over these metals has shown that
chemisorption of oxygen yielded molecular and atomic oxygenions, the ratio
of which is 3 function of temperature and the surface condition. Vol and
Shishakov 14) have shown by electron diffraction that the interaction be-
 tween silver and oxygen at 100 to 200° yields silver perexide which is decom-
_ . posed by ethylene. With platinum and palladium catalysts the mobility of
oxygen at these temperatures will be considerably lower. The interaction
between saturated hydrocarbons and an oxygen-covered platinum surface re-
sults in the formation of an intermediate complex readily decomposed by
oxygen of the gas phase, the reaction continuing in the gas phase at 50 to
70°. The oxidation of unsaturated hydrocarbons on silver was not found to
continue in the gas phase.
Variations in the electron work function, in the electroconductivity of
the compounds added, and the selectivity of ethylene oxidation to ethylene
oxide on modified silver are shown in fig. 6.

I -AS% . -
Vl'-a
30

20

. ’ : _ . 10
: : %

-a e

_ o a5k
Fig. 6. Variations in the selectivity (AS,%) of ethylene oxidation to

+  ethylene oxide over silver as a function of variations in the
‘electron work function (A¢, eV).
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AddlthnS 1nvolv1ng alkali and earth- alkah metals will decrease, while
a4 metalloids will increase the electron work function. Elements displaying a
- lower electroconductivity than that of silver will decrease ¢ and the selecti-
‘ vity, while higher electronegativity resultsinincreased and selectivity of -
: ethylene oxidation.
: Variations in ¢ in the adsorption of various atoms on metals are consi-
. dered as due to the formation of a dipole layer on the surface. Dipoles are
formed also by chemisorption of oxygen and hydrocarbons, and the inter-
action between these dipoles and those formed by additives seems to induce
) - changes in the surface coverage with oxygen and ethylene. '

-4, LIQUID-PHASE OXIDATION OF HYDROCARBONS
The liquid-phase oxidation of hydrocarbons has been investigated less
extensively than that in the gas phase. It was shown by experiment that
transient metal oxides and certain metals may be used as catalysts for liquid-
. ~ phase oxidation. Oxidation of toluene by air over a mixed vanadium-tungsten -
: catalyst at 200° and a pressure of 80 atm yields 71 mol % of benzoic acid and
about 10 mol % of benzoic aldehyde. With the same catalyst and under similar
conditions toluene will yield 7.2 mol % of acid and 1.5 mol % of aldehyde. In
a number of cases, depending on the hydrocarbon structure and oxidation con-
ditions, the part played by oxide and metal catalysts comes to initiation of
L : a_homogeneous chain reaction »17) | The products yielded by catalytic re-
| _actions are similar in composition with those formed in liquid-phase reactions
involving homogeneous 1mt1ators In other cases reactions on solid catalysts
proceed in a more specific way ) The main products of n-heptane oxidation
on vanadium and tungsten oxides are butyric and vaieric acids, while mainly
acetic and propionic acids are formed with soluble catalysts. In the presence
| of heterogeneous catalysts the yield in carbonyl compounds is several times
S ' higher. In this case liquid-phase oxidation will proceed mamly on the surface,
\

and not in the gas phase

. 5. DISCUSSION OF THE RESULTS OBTAINED

, It was shown by analysis of the results obtained that the mixed and modified

R ) catalysts studied may be divided into two groups: solid inclusion and substi-
tution solutions, and chemical compounds (vanadates,; molybdates, etc).

The introduction of minor amounts of molybdenum and chromium oxides to
vanadium pentoxide results in the formation of solid solutions contammg vé+
ions.

The addition of minor amounts of molybdenum and chromium oxide to
solid vanadium pentoxide results in the formation of solid solutions containing
v4+ jons.. These catalysts display increased activity and selectivity with
respect to be)nzene oxidation. This is noﬁ so for butene oxidation to maleic

anhydride or of propene to acrolein ), ; the addition of MoOg to V9Og will
decrease the activity and selectivity. A relatlon was found to exist between
the electron work function and the selectivity of both reactions.

The formation of chemical compounds from vanadium pentoxide and from

Declassmed in Part San|t|zed Copy Approved for Release 2014/03/04
CIA-RDP80-00247A004200070001-6 ~==--< .»=- :

-

. : - .
- A (RSO Lo M- - - [ : H
- - ——m bt L




Declassified in Part - Sanitized Copy Approved for Release 2014/03/04 -
‘CIA-RDP80-00247A004200070001-6 '

10 STAT

chromium, molybdenum, and cobalt oxides resulsts in decreased activity

and selectivity of benzene oxidation, while molybdenum and bismuth tungstate

increase the selectivity of propene oxidation to acrolein. Vanadium phosphates

accelerate butene oxidation to maleic anhydride and slow down its formation

from benzene. A relation between the electronic properties of the catalyst

o and the selectivity is observed for chemical compounds, same as with solid

o solutions. i

| o : All systems of the oxidation catalysts studied contain transient metals,
and surface formation of various complexes with the lattice cations seems to

be possible in the adsorption of hydrocarbons. Hydrocarbon molecules §nv01ving
a double bond with the transient metal atoms may form n-complexes . The

‘ n-complexing capacity is a function of the electronic structures of cations and

‘ - of organic molecules. Possible is also o-complexing involving the breaking

. : - of C-H bonds in the hydrocarbon. :

| At the catalyst surface the complexes seem to conyert into ion radicals
forming peroxide ion radicals by reaction with oxygen 2),

The first group of catalysts may be called w-active, and the second o-

: active,
. Similarly to homogeneous catalysts, reduction of transient metal ions
) may occur in the solid lattice, following the scheme

‘ 7 : ,
. . | RCH + Me™+) ~ RCH(Y) + Mel?-1)(+) |

- - -The superposition of d-orbitals with the formation of a generalized eletj‘—
tron conduction band is not observed for metal oxides with open d-shells 16 ,
and displacement of current _caﬁ-)iers proceeds by charge exchange between

. ions, as suggested by Verwey . The redox potential value characteristic
of the electron or hole transfer from one ion to another is a measure for
determining the redox capacity of ions in solutions. When electronic levels

_form no band, as is the case for the systems studied, the redox potentials

R will be a function of the activity and selectivity of catalysts in hydrocarbon

) oxidation. For these catalysts the work function (¢) will be related to the

e " distribution of electronic levels in the lattice of the solid. The acceptor

ST capacity of the surface, thus the coverage with electron donors, that is with

T hydrocarbons, will increase with increasing ¢. Additions to metals and to

oxide catalysts result in the formation of solid solutions of heterogeneous
- systems. With metals (in contrast to oxides) the main part will be played
by oxygen activation at the surface resulting in charged molecular (oxide)
and atomic forms. : ' ‘ -
_ The reaction selectivity is a function not only of the chemical composi- 1
* tion and electronic properties of the catalyst, but also of the ratios of rates i
for individual steps. Selectivity is a function either of the relation between
formation rates for various products, or of the destruction rate of the final

.. product. This question was widely discussed and it was shown that oxidation

o of hydrocarbons proceeds by a parallel-consecutive mechanism. When the

time of a reaction product desorption is comparable with that of its formation
a subsequent surface conversion of this product becomes possible. Interesting
results were obtained for the liquid-phase oxidation cf o-xylene on a vanadium
catalyst. Instead of the expected phtaleic anhydride, o-toluene acid was formed.
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The reé.son for it probably is the shortage of time the products remain on the

surface, and desorption of these into the gas phase. A similar effect is ob- |

served for gas-phase oxidation in the presence of water vapour. An examgl |
. . . e pre: r vag mple

. of it would be the increase in selectivity in grOpene oxidation to acrolein

’ or in that of furfurole to maleic anhydride 23), -

3
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‘ THE INFLUENCE OF SELECTIVE PROPERTIES
- OF MOLECULAR SIEVES ON
~ - CATALYTIC DEHYDRATION OF ETHANOL

M110§ RALEK and Oto GRUBNER
Instztute of Physical Chemistry, Czechoslovak Academy of Sciences, Prague

- - R T

Abstract: The catalytic dehydration of ethanol and diethylether has been studied.
Model catalysts used were molecular sieves. 1t has been found, that the rate of -
“transport of reaction components in the microporous structure of molecular
sieves substantially influences the selectivity of the reaction. Results obtained
- confirm the simultaneous mechanism of the reaction.

1. ]NTRODUCTION

- e e T e R

o The catalytic dehydration of ethanol and dxethylether taking place on
‘ ¥ alumina and aluminosilicate catalysts, is a complex reaction which includes
. equilibria and chemical react1ons between the individual components (ethanol,
diethylether, water, ethylene) 1), -
The conversion of ethanol to dlethylether, in dependance on time of
contact, runs through a maximum. Conversion to ethylene increases with
“increasing time of contact. Conversion of diethylether to ethanol shows a
- similar maximum. :
The conversion curves have been described by Brey and Krleger 2),
These authors have studied the dehydration of ethanol on aluminas, treated
in different ways, using kinetic equations derived under the assumption
that water and ethanol are sorbed strongly on the catalysts and that the:
rate of reaction is determined by the rate of the chemical conversion of the
adsorbed intermediary complex to ethylene. They have made use of Whit-
more's conception ¥/ assuming that the intermediary complex, forming on
the catalyst surface, is a carbonium ion. The carbonium ion concentration
is proportional to the surface concentration of ethanol and its formation is

B ks You s o o e

Vg !
R
P
e - =
. . . '
- .
.

s

\ conditioned by interactions of active centers of the catalyst, where non-
saturated valence forces exist, with molecules of the substrate. The reac-

’ } - tion takes place s1mu1taneously accordmg to the scheme:

' 1 B | CgH5OH CgHs C2H4

o - T Lo T -

r', : e TR (C2Hs)20

1 “v._ Balaceanu and Jungers 4) have studied the dehydration of ethanol and
L 1 ether at low temperatures on alumina. In agreement with opinions expressed
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earlier in the literature 5), they have come to the conclusion, that this is a
consecutive reaction and they have proposed the following scheme:

2 CoH50H —(C2Hsg)20 + HoO—-C9Hyq + C2H50H + H20

Topshieva and Yun-Pin 6) have derived kinetic equations for the dehydra-
tion of ethanol and diethylether on alumina and aluminosilicate catalysts of
various composition. The equations apply to the consecutive scheme of the
reaction under the condition that sorption of water on the catalyst prevails
appreciably over the sorption of the other components. The rate constants
in the temperature range of 375 to 450°C are comparable and directly pro-
portional to the Al503 content of the catalysts. The activation energy for the
dehydration of ethanol and ether to ethylene is the same for all the catalysts

_ (14.5 kcal/mole). At a reaction temperature of 2500C the main product of
ethanol dehydration is diethylether. Ethylene is formed in slight amounts
2%)- . '
'When later analysing the results, the authors have come to the con-
clusion that the reaction proceeds by a simultaneous mechanism, through
- a surface compound of the type of aluminium alcoholate, which is formed
on the catalyst surface according to the scheme

-

CoH5OH + HO-Al ==1= CoH5-0- Al == }(C2H5)20 + HO-Al
- o m | T
CyHy + OH-Al

Reactions I and II are reversible, the decomposition of the inter-
mediary complex (II) is non-reversible. During a short contact time,
equilibrium between the reactions I and II is not obtained on the catalyst
surface. -In ethanol dehydration a reaction is preferred in this case, which
supports the establishment of equilibrium, i.e., ether formation, ether
passing by desorption into a gaseous phase. When the time of contact is in-

2 ' creased, decomposition of the intermediary complex to ethylene takes
place in a greater measure. The equilibrium concentration of ethylene is
R renewed by the reaction of ether from the gaseous phase, resulting in de-
. creased ether production. A similar process takes place in the case of

_ diethylether dehydration, the dependance of ethanol production on the time
. of contact passing through a maximum.
The kinetic relations and assumptions of the reaction mechanism de-
rived from these are based on measurements of catalytic activity in the
kinetic region, where conversions measured are independent of the particle
size of the catalysts. ' )
Boreskov T) has found, that -at particle size of the alumina of 3 mm,
. -inner diffusion becomes important and the relatic amounts of products
__° ‘change. Reactions in the region of inner diffusion take place at a lower rate.
With the same amount of reacting alcohol, ether, production is roughly half
"of that, which is produced when the reaction takes place in the kinetic
region. Qualitatively the results agree with theoretical conclusions on the
influence of inner diffusion on catalyst selectivity. ,
© s nima nf thia wank wae tha annliratinn of the shane selectivity of

. P
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% molecular sieves to the confirmation of the proposed mechanism, and an

| elucidation of the influence of pore size on catalytic selectivity.

) The molecular sieves are crystalline aluminosilicates with defined
pore size, comparable with the size of the molecules of some of the react-
ing substances. They are therefore suitable for use as model catalysts.

. 2. EXPERIMENTAL PART

The molecular sieves have been synthesmed in the sodium form 8,9
~ and their purity was checked by means of X-ray methods 10,11), The cal-
) cium and potassium forms were prepared from the sodium form by means

of ion exchange. In the dehydrated state, the molar composition of the
catalysts was:

.

- —

y L molecular sieve 3A  0.81 K90 . 0.18 Na30 . Alp03 . 1.98 8iO2

‘ ‘molecular sieve 4A  0.98 Na20 . A1203 . 1.98 Si02

: molecular sieve 5A 0.72 Ca0 . 0.26 NagO . Alp03 . 1.98 SiO2

| molecular sieve 10X 0.87 CaO . 0.12 NasO . AlpO3 . 2.6 SiOg -
molecular sieve 13X 1.0 NagO . Al203 . 2.6 SiO9

Alumina, prepared by the hydrolyms of alummlum alcoholate was
used as comparison catalyst. Its specific surface was 200 m2/ g, the diam-
eter of the most frequent pores was 40 A (sample B I, having the proper-
ties described in ref. 12).

Microcrystalline catalyst samples were pelletised by pressure and
grains of 0.2 to 0.4 mm size were used for the experiments.

A registering microbalance was used to measure the rate of ethanol

. and ether sorption on molecular sieves 5A and 10X at temperatures at
which no reaction occurs yet. Values of the apparent diffusion energy E,
- for ethanol and ether into these catalysts were calculated from these mea-
5 ' surements The calculations were performed by means of the relatmn 13)

e | L e deyed :
» | 1075 R W

by sponds to the equilibrial sorption value at the same temperature) The de-
| pendance of Q; on./t was linear up to @; = 0.6 Q«. It has been found, that
o " the apparent activation energy of ethanol diffusion in molecular sieves 5A

‘ energy of ether diffusion in molecular sieve 10X is equal to 2.1 kcal/mol.

i The apparent activation energy of ether diffusion in molecular sieve 5A
S was substantially higher (6.4 kcal/mol).

(- - . The catalytic dehydration of ethanol has been studled ina c1rcu1at1ng
. - flow apparatus with differential reactor 14). Pure nitrogen was used as

;', - carrier gas. Ethanol feed was controlled by the saturator temperature.

| e Reactlon components have been analysed by means of gas chromatography.
T :‘-,' A - Overall catalytic activity values, expressed as fraction of reacted al-
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> ~and 10X is the same and is equal to 1.4 kcal/mol. The apparent activation ;

- cohol amounts, in dependance on the recxprocal value of the feed, are shown
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Fig. 1. Overall catalytic activity of molecular sieves 5A, 10X and y-alumina,
)

and the value of the molar ratio of ethylene-diethylether, in depend-
ance on the reciprocal value of the feed. .

in the lower part of fig. 1. Values of the molar ratio of ethylene and diethyl-
ether, formed by the reaction, are shown in the upper part of fig. 1. The
overall activity of both types of molecular sieves is practically identical in
the temperature range of 240 to 260°C. On the small-pore molecular sieve
5A, ethylene is mainly formed, whereas ether is the main product obtained
on the molecular sieve 10X, which has wider pores. With decreasing feed

_ total ethanol conversion increases. The value of the molar ratio ethylene/

’ o ether increases much more rapidly in the case of molecular sieve 5A than

_in the case of molecular sieve 10X.
Alumina is a more active catalyst than both types of molecular sieves
described. Its activity at 240°C corresponds roughly to the activity of molec-
. ular sieves at 260°C. Alumina produces mainly ether, similarly as sieve
- Molecular sieve 13X has, in the temperature range studied, approxi-
-~ mately 40% of the activity of molecular sieve 10X, and forms mainly ether.
_ Molecular sieves 3A and 4A are non-active in the temperature range
. . studied. A measurable catalytic reaction takes place only at higher tempera-
R tures (~3000C). ] -
, The dehydration of ethanol and diethylether on sieves 5A and 10X and
- ~ alumina has been studied furthermore by means of the microcatalytic pulse
Lo technique 15) 1n the dehydration of ethanol molecular sieve 5A formed
' o mainly ethylene. Under comparable conditions, molecular sieve 10X and
alumina formed mainly ether.

o ok 250555 505 as:é
, ) i s . o . T
B 7 __ .. Fig. 2. Dehydration of ethanol and diethylether on molecular sieves
oo i .. _ . 5A and 10X using the pulse microcatalytic technique, in
P SR dependance on temperature. |
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The dehydration of ether took place easier on molecular sieve 10X and
on alumina than on molecular sieve 5A. Comparing the behaviour of both
types of molecular sieves on the basis of the amount of ethylene formed by
catalytic reaction, we obtain the dependance shown in fig. 2. The figure

shows, that molecular sieve 5A dehydrates diethylether relatively with : _ t
_great difficulty.

-

3. DISCUSSION

“From the results of this work follows: :
< ' The activity of the model catalysts, used for the dehydration of ethanol,
. decreased in the series: alumina, molecular sieves 5A and 10X, molecular
sieve 13X. Molecular sieves 3A and 4A were non-active, due to the small
. dimensions of their pores, which made it impossible to utilise the inner
' pore surfaces. - : :

On molecular sieve 5A, ethanol dehydration proceeded selectively to
ethylene in a temperature range, where alumina and molecular sieve 10X
gave mainly ether. . '

Diethylether has been dehydrated easily by alumina and by molecular
sieve 10X, with difficulty by molecular sieve 5A. ,

In catalytic action, alumina and molecular sieve 10X are more similar
to each other, although these two substances are chemically and crystallo-

‘graphically different, than both molecular sieves, which have similar chem-
ical compositions and character of the arrangement of the inner surface.

The cause for this difference in behaviour must be searched for in the
differing pore size, which influences the rate of mass transport into the
catalysts. This effect is most distinct in the case of ether diffusion into
molecular sieve 5A, whose activation energy is substantially higher than
for the other components, corresponding roughly to one half the value of
activation energy of the dehydration of ether to ethylene. The high activa-

b ~ tion energy of the diffusion of ether into molecular sieve 5A is the direct
7 ) cause of the fact, that the dehydration of ether in the pulse microcatalytic
L arrangement takes place more slowly than the dehydration of ethanol,
" because the relative frequency of ether molecules which have access to the
. inner catalytic surface, is decreased. In the case of catalysts with wider
) .. pores, the reaction is not slowed down by transport effects, and dehydra-
tion of ether is easy. Steric effects, influencing ether transport, may ex-
plain the increased selectivity of molecular sieve 5A in the dehydration
o of ethanol to ethylene. Schemes of the simultaneous mechanisms of dehydra-
= tion reactions are based on the establishment of equilibria between the
' h " intermediary surface complex and ethanol or ether. In the case of the nar-
- row-pore sieve 5A, transport of ether formed by ethanol, from catalyst
.~ . cavities into the gaseous phase is retarded by slow diffusion. The equilibrium
~ 'concentration of the ether-complex is therefore established easily. The in-
_ termediary complex decomposes to ethylene, and its equilibrium concentra-
tion is constantly amplified by ethanol, coming from the gaseous phase. Due
to these processes the catalytic reactions produce mainly ethylene.
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Among the two dehydration mechanisms proposed, the carbonium
mechanism seems to be less probable, because no parallel has been found
between the acidity of catalysts - which increases in the series 5A, 10X,
13X 16) _ and their catalytic activity. Our results show, that there exists a
relationbetween the content of Alp04 and the overall catalytic activity, which
has been.found in the work of Topshieva and Boreskov.

The explanation of the observed catalytic effects also agrees with the
work of Brey and Krieger, from which follows that aluminas, structurally

. modified by the influence of steam at elevated temperatures (leading to
decrease of the specific surface values and thus also to the loss of the very
. small pores), have produced under otherwise equal conditions a la.rger
. # ~ : -.amount of ether than the initial catalysts. ,
S It has been observed in the present work, that on the molecula.r sieves
appreciable ether-sorption takes place even at temperatures close to the
u _ . reaction temperatures. A similar observation has also been made by
- Balaceanu and Jungers in the course of determining the adsorption coef-
' ficients of ethanol, ether and water on alumina. Kinetic equations given
in the literature do not respect sufficiently this fact, and therefore it cannot
" ' be assumed that they describe the kmetlcs of these dehydratlon react1ons )
TN . fully., . ' . -
' - It seems probable, that selectlve catalytxc effects of molecular sieves,

caused by transport pheno:nena W111 be observed in a number of other
) reacuons also. -

R o - )
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